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SUMMARY

On the Application of the Maximum Principle to the Rocket
Flight Problems ot

- Isaev V.K, Kurianov /i.I. and Sonin %V.

The formulation and solutionrof the number of problems 1n the rocket.
flight is presented in . general form on the vasis of Pontryagin’s maximum
principle.

-

The first section considers the problem of optimum rocket flight in

both uniform - constant and uniform‘- cylindrical gravitationasl fields for
the cases of oonstantland regulated exhaust velocity. A strict conformation ‘
of the series of the results obtuined earlier by some other investigators,
iolgivé;, ;hd'some new statements related %o optimai programming magnetude ' 1
and direction of the rocket thrust.

The second section presents considerations on the techniques of numeri--
cal solution of rocket flight variational problems on digital computers.

The third section deals with the treatment of the optimum control

- problem of the power - and exhaust veloolty - limited rocket doring the

interplenetary transfer. Phe results of numerlcal oalculdtions of the bounded
control effects on the parameters of trunsfer between the Mars and Barth . i
orbits are discussed. '

The problem of opiimum 4ransfer between the planets orbits with recove-
ry is analysed, :

An asymmetrical transfer trajectory is shown 1n general to be optimum.

The fourth section deals"with an opt imum problem of verticsl limited- :
thrust rocket motion in the nonuniform atmosphere. ' '

An extremal trejectory 18 shown be formed in gemeral from the four arco:

1. Maximum thrust arc or coasting arc in dependence of initial condi-
4tions.

2. Variable thrust arc.

3. Maximum thrust arc.

4. Coasting flight arc.
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The first three sectlons of this paper present the review of the results
published by Isaev und Sonin in 1961-1963 (see (8] , {10] , [15] ).
Peragroph 2 (Section I) desls with the mwterials of referecnce [13] written
by Kuzmuk and lavidsen together with one of the authors of the present paper.

The fourth section 1s written by Eurianov.

The maximum principle, formuluted in the works of the Soviet mathemati-
cians bheaded by ?ontryégin, is the generalization of Weierstrass' classical
vuriation calculus condition. The miximum principle hus been widely aclmow-
ledged in recent years as a method permitting an effective treutment of op-
timum processes in case the control functions ure bounded. _

Outlined below are the results of the application of the maximum principle
to some problems of optimum programming of the rocket thrust modulus and
rocket thrust direoction. The first section of the paper briefly relates to
the main qualitative featurgs of laws of the optimum control of constant
exhaust velocity vehicles for the c&ses of model problems of motion in both
uniform constant and uniform-oylindrical (radial) géavitational flelds.
Besides, some problems are considered dealing wiih the structure of the
power-limited vehiocle optimum controls in case of constraints imposed on the
exhaust velocity.

The maximum principle reduces the variationul problem to the boundary-
velue problem for the system of ordinary differentiul equations of the opti-
mum object's motion. | .

It is importasnt therefore to modlfy the available and to develop new
algorithms of the boundury-value problems numerical solut}on by the digital
computers, '

TLese problems are considered in tne second section of the present paper
where the results of the numerical solution of the variational problems
connected with the motion of the rocket in the Keplerian central field ure

onalysed.
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The fourth section deals with the optimum problem of vertiqgl thrust-
limited rooket motion in nﬁn—uniform atmosphere,

. It i3 shown that the extremal tradeotory consiats of four sﬁooessive
arcs: 1/ - maximum thrust arc (or,éoasting arc depending on initial condi-
tions); 2/ - variable thrust arc; 3/ - maximum thrust arc; 4/ - coasting 7. i
flight are. :

I. ON SOME QUALITATIVE FEATURES OF ROCKET
MOTION OPTIMUM CONTROL REGIMES

1. Rocket Optimum Motion in Uniform Constant !

Gravitational Field .
{8,10]

1°, For the sake of simplicity, let us take the case when the effective
" exhaust veloclty C1s constant (regulated exhaust velocity ocase is conside-
red in the second section). lLet U and ¥ - are speed proJeotions.on
axes Oﬁi and UH’ of Cartesian franme, n($) = %%%%% - non-dimensional
ON - non-dimensional thrust
. Pmar
(related to maximum thrust value Pmax), ¥ - inclination of thrust vec-

tor to Jx axis (Fig.1).

mass (relatgd to initial value), U=

The folloﬁing constraint is imposed on the engine thrust value:

0<B. < U (t) <l < .1

The equations of motion are: ' I

. AH;COS'.'P Y A'u;SiTlSP
U="m ="n 1,

ri‘[=—(xu1, x-='u, 1}=v’
where .

P max

A=0£C'\, 9=cons+? e<=———M‘(0).C..
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3
let us introduce vector I=[I,,.,1‘3}={u({)’ T, M), @), '9‘(*)}
of state space \X= ('U,'l},m,I,E_)-
Statement of the problem: to determine optimum control wU={Uj,¥)
which transfers the system (1.2) from the initial fixed position Z =Z1(0}=
=’ 'm’ ) yu) o during time t = T to some set G(I)EX in such
- 5
2 manner thet at the moment t = T the functional S=§_; C. 1, (1! obtains
£

1ts maximum (minimum) value with constraint (1.1) imposed on the control.
In this case the time T may be either free br fixed [2] and I° méy be re-
lated to some constantly differentiable variety of spuce X [1].
2°, In the general case of optimizing the arbitrary functional S,
the optimux_n Iprogram of controlling the jet engine thrust d;rection versus
time is expressed by: |
' po ;Eo‘l . -
' £g§ﬂ)= P:_P:t 1 . (1.7)
which corresponds to the result obtained by Leitmann [4] and Lawden [5] .
From BEq. (1.7)-follow the results obtained by Okhotsimsky, Eneev I‘JJ y
Ross [6] and f‘ried.' [7] for various types of functionuls and various |
boundary conditions. I‘.l}ere P:=Pu (o) etc. - initial values of the
cc;mponents of the puls.eAve‘(.:tor . P=Pu,,,,'P, (i.e. of the conjugate
system solution), '

Each program (1.7) has a corresponding characteristic number:

L= PuPy + Py Dy
o 62 02
Py + P
Let us call the controlUWa boundary one if the arcs of the

Special control in the sense of the maximum principle are not included
1n_1t; the c‘ontrgl U,i8 speo i a8l if Po<'u’<1, T‘éfé'ﬁz .

For the case of the rocket motion in the uniform constant field the

following stutement takes place (8] .

!

=
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All the S—optimum values of the control U, satisfy the followlng
features: | '
a) control U (t) 1s a boundery onej
b) optimum control consists of not more than iwo powered arcs (where
control is acoomplished at the maximum thrust regime U, (H)=1)3
c) 1f the optimum control contains two powered arcs they ajoint the
pboundaries of the motion interval (o, 7] and the start and the end of the
coasting arc are symmetric relative to the charscteristic point t = t?
determined by the corresponding optimum program of controlling the direc-
tion of the thrust vector ?({) ' _
All the above statements generullge fhe known results obtained by
D.E. Okhotsims}qr, T.M. Eneev [3] , A. Miele, J. Capelluri [9] and G. Leit-
menn 4] for the case of motion in the uniform constant field.
3°, The statement mentioned refers to the case of the three-dimen-—
'sional optimum motion 1in the ﬁniform gravitutional field. In this case the
thrust vectorqﬁi{) ‘throughﬁﬁt the motion interval [0, 7] 1s in some fixed o
plane. - ) I
This result arises from the fact that the end of the vector
Pu37rpv3'+pwJ{ whose direction cosines define the angles of ihe thrust i

vector direction 1n 3Space, uniformly moves along the straight iine:

0-
Pu-Pu_ Py=Py _ Puw—Puy , (1.8) 1_
0 <
P= Py Py ]
o]
where Pu,..., P: - initial values of pulses. .

The churacteristic point, in this case, is the point of the shortest !

distance (1.8) from the origin of coordinates (Fig.2): 1

:E Puﬂ:*Png+Pw p'!
’ fepyt

411 the admissible types of optimum controls of thrust value
in the uniform field are shown in Fig.J [10]
It shouléd be noted in conclusion, that any problem of the optimum

motion in the uniform field is reduced to gquadratures which are expressed

D oy 0 _ e -
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by elementary functions. Thus the variational problem 1s reduced %o the

solution of transcendental equations (8] .

2. Rocket Optimum Motion in Uniform-Radial Field

1%, Uniform-ocylindrical model of the radial gravitational field is
introduced into consideration im [13] .

The adventages of such a model of the field are evident in the case
for v;hich the flying range is the value of the same order as ? where 2
distance from the gravity center to the middle of the ¢ylindrical luyer in
which the rocket trajectory pusses,

By approximating the projections of the gruvitationsl accelerstion on
exes 0T and ny (with the origin of O in the gravity center) with the
expressions 9,2-\?21, 9«,’:-029 where V'= 33 =const, determine
the optimum program of the thrust direotion:

tq 9= Py CosVt-pIsinvt (1.9)
¢ Vpgcosvt-plsinvt ’

from which follows the periodicity of the optimum law:
or
+&L )= .
tg9 (£+55) =199 (%)
2°, The optimum program of thrust modulus is boundary if
'8’.-_-. 0+ ﬂcp_’“ 0 -
If the conditions ,

o
e=¥ Puz*-pv?a = Const, ”ﬂ'oez 0.+ r_n.%p_"\=g , (1.10)

take place, there can be special, in the sense of the maximum principle,
optimum control U, (t) when B, < U, (+) <1,

-

It is important to note that the speciul control (if 1t 1s accomplished
on the trajectory) does not conjugate with the boundary control at any arc,

Analysing the switching function () (¥ig.4) on the basis of the methods
described in [8) » the following conclusions can be drawn: on optimum
trajectories of long duration can be realiged-any number of decreasing

powered arcs which form, except the first one, the sequence with period f‘\/‘)
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There cccurs a symmetry of coasting arcs boundary points relative to time
moment s tox corresponding to the minimum values of Q=0 and

forming the sequence with perlod fjv

3. Optimum Motion of__gace Power-Limited
and Exhaust-Velocity-limited Vehicle _

[15]

let us consider the optimum motion of a space vehicle 1:1 ocase 0f ocon=-
straints imposed on the control parameters (power =—£ﬂ'2£ - and-
exhaust velocity C of the jet stream). The works by Irving~Blum [12]
and Ieitmann [14] dealt with the problem of interplanetary flights with an
engine‘ﬁhose Jet flow maintains constant ﬁqwer at any exhaust velocity

(Fig.5a). Leitmann showed that when a constraint

0< T EN € Npar=N, (Fig.5)

1s imposed on the power N, minimum iransfer time flight (in uvniform con=~
stant field) must be made at the upper border N = No and it 1s not advanta-
geous to interrupt the engine operation [14] .

The maximum principle permits carrying out the anglysis for the englne
having arbitrary characteristics U, in the plane (AQC) (Fig.5a), includ-
ing the 1imitations imposed on the exhaust velocity C (Fig.5 ). It 1s
possible to ;how that the optimum control will always*) pertain to the outer
vorder [y of the U, area.

If the part of the border Ix aligns with the axis N = 0, cdasting arcs
are permitted in the optimum control. .

Calculations were carried out for characteristios of the type shown
in Fig.54 (or Se which is equivalent)..

The branch of the characteristic in the range 0<C&Cpin 18 & our-
ve of constant consumptions, the central - consfant power; (:max - upper

limit of regulated exhaust velocity.

AN

*) An exception is a fine case of the special oontrol when the switch~

ing function 'ﬂ 94.2___ converts to zeroc in non-gero intervaa.
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For characteristic of'the type 54 there are the folld%ing optimum con-
trold! fegimes: a) exhaust velocity C =Cpin (lower velocities are
disadvantageous); b) variable exhaust velocity. Cnin<C ¢ Cax y o) maxi-.
mum exhaust velocity C=Comar ; d) coasting motion (N=0)

Some particular cases of coasting arcs realigzation during the motion

+f the vehicles with limited power have been studied by leitmann [16] .

1I. SOME PROBLEMS CONNECTED WITH LEVELOPMENT OF NUMBRICAL METHOD
OF BOUNDARY-VALUE PROBLEMS SOLUT ION

(27]

1°. It has been noted [11] y that the existing methods of the boundary-
value (hence variational) problems solution are sufficiently effective only
in case of the relimble first approximation. The algorithm of the boundary-
value problem numerical solution used by the authors is based on Newton's
method modification in which umlike the classicel scheme for improvinérthe
convergence the pitch value Ap;= (AP:,!-, ...', AP;") on¥ iteration
1s corrected 1n a definite wuy according to the values of the "missing
functionu CP'e oalculatéd in a number of discrete points on the beam
connecting the start and the end of K 1terat10n‘1n subspace of unknown
initiul values of pulse vector qomponents p°=[p|°, ,Pm)

In the convergence field ' (q3x<<i) the pitch value colnci-
des with that given by Newton's classical method.

2%, let us explain the simplest correction algorithm by the example of
calculuting the optimum program of conirolling the pitech angle ¥ (Jc) of
the Barth satellite carrier-rocket,

The value of the true anomaly l). of the stage starting point, ini-
€13l conditions at the starting moment, the orbit altitude in perigee**) -

2=R4H' where R - Barth radius (Fig.6), the value of the finél

1

non-dimensional mass m™ and program of controlling the thrust m.gnitude

o . S . . tpo

¥) @y=0 when boundary conditions are satisfied.
%) It is suppossd thet the velocity at the end of the orbiting phase

{when the veleccity radial component converts to zero) is higher than
the ciroular orbit velocity).
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u'(%) are considered to be set. The engine is started u the
moment t = 0 and operates at the maximum thrust regime till fuel reserve
is completely burnt out (Fig. 7a)

The velocity in perigee serves as a functional,
The varistional problem considered is reduced to the boundary-vaeiue

problem for the system:

oo Aw®) pe ux ’ N
U=""W®  Toioar (g

- Au,(i-) Pv Ky ,

M TON VpitPy  (xsyd%

:é"_"'u; y='U; : r -(2.1)

Pu=-P=, Pv="-py,

P= e [u (3 -22%)-3p, 2],

by= cebges [~ 3pu g 4y (a7 2y9)]

with boundary conditions

t=0, u(o)-ue, V)=V z(0)=1 y(o)=y“; " (22)

=T, p (D=-1, v(T)=0, Z(T)=0, Y= (23)
In Bgqs (2.1) u, v, I, y. -~ velocity projections and coordinates in the
Cartesian frame, whose Uyaxis passes through the perigee.

To determine the unknown time moment of pdssing through the pergiee T
the following condition is used T

ﬁﬁ)*@% (PuI+Dvy)+Pmu+p,1r=0 (2.4)

*)

Duration of the powered arc is supposed to be fa== o <T-

|




—
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There is a mixed four-parametric probdlem: to determine four unkmown values

0 0 o : '
Pu, Pr, Pz, P: the first, second and fourth conditions of (2.3) -
and (2.4) are used, '

In tbhis case the third condition of (2.3) 1s used to determine the end
of integration interval. Behavior of the "missing function"

=Y (ot 0 =0 (-0 -

depending or the lterative number for one typical case is shown in Fig.s**)

1

After the first step made in accordance with Newton's clussical method,
the indicating point (i.p.) 1s put 1u the position A (Fig.7). Increase
in the error level indiocates that the iterative process tends to divergence.
After perfdrminé the first approach (in the direction of the beam found
half a stop baock), we find that there 1is A high *®peak" between the unknown
minimum and point A .

Having reé;rned another 1/4 of a step, the i.p. descends the slope of
the "ravine" to the "B’ position, which 1s located below the iailtial
level "a", At this the first step of iteration is considered completed:
the resulting curve is shown in bold type in Fig.?7. Further &ecrease in

the level is performed using ﬁewton's classical method,

III. ON SPACE VEHICLE OPTIMUM MOTION
IN RADIAL FIELD

As an example let us consider a two-dimensional problem of optimum
flight between the circular orbits of Earth and Mars,
1°. First let us touch on the problem without constraints.

Shown in Figs 8 and 9 are r?ppectively the optimum trajectories and

the plotted functional F(1)=|a*dt where O - jet engine acce-

y " -]
leration, for flights .at an average angular velocity egual to the angular
velocity of the Earth's rotation - for the flight time T from 73 days to

1 year.

% %) i}zli%;

v~-R=H"

where V}P' ciroular orblt velocity at an altitude of
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At the T values approximately less than 0.21 year thé optimum trajecto-
ries are fully located outside the Earth's orbit.
2%, One cen get the'qualitative igesa of the problem with constraints '
by considering & £1ignt to Mars' orbit with a duration of T = 0.5 year. - i
The optimum programs of controlling the exhaust velooity wifh respect ' !
to time for varlous constraints are shown in Fig.l10. The reguired maximum !
exhaust velocity without constraints is equal approximately to0 2300 km{sec.
Shown in Fig.ll are the values of the relative final mass o (T) = m1 dbtained
for'ﬁhe case & =10 kg/kw at the optimum power/weight ratio corresponding |
4o the case when the value C does not reach the limits. o
It is seen that the variation C pax °f 100 km/sec to oo does mot
practically affect the value ml for the two above considered values
'(:min\‘ 0eand C min = 20 km/sec.
Thus, deorease: in the limit of controlling the exhaust velocity from
the optimum value (2300 ¥m/sec) to C:m = 50 km/sec decreases the value
of the final mass by approximately 0.5% from the initial value m® . The
effect of the lower 11mit (C min) on the value mt is also slight.
Consequently, the designing of an engine adjustable within & wide ) y
range Can hardly be considered expedient (at least for flights to the '
nearest planets of the Soler system). , 1
39, Up to mow we have been considering one way flighis. As _far as we
kﬁow, optimum motions with re—entry — for low thrust engines were consi-
gered only for ihe cases of symmetrlc flights. _
It is known that on the symmetric trajectories of flight (Y Earth-mars ;
l \Y yars-Earth ® -Barth-Mers = Tyars-Barth *2°¥° y end T sre the angle and 2
{ time of the flight respectively) tranversality conditions are satisfied, _i
i ) _which sometimes makes us suppose that optimum trajectories of flights with :
re—entry belong %0 the cluss of symmetric curves. ' ' - -
{ Ilowever the latter supposition 15 not always true, thus the symmetrié

{ curves ensure in a general gase only the local extremum.

e ————— -

To prové the above statement we set an exsmple .of an 1nter—orb1tal'flight ‘
| Earth-Mara-Earth of & 1 - year duration. A symmetrio flight trajectory 18

i - gnown in Fig.l2, %o this flight corresponds. the value. J‘afﬂt)dt indica~
| ted in Fig.13.
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Shawn in Figs 12 and 13 are an asymmetric flight and the corresponding
diagram of the value. ICI () de versus t.
"It 18 obvious thut at a symmetric optimum motiqn the functional value

exceeds by more than 25% the oorresponding value for the case of an asymme-
tric flight.

IvV. ON OPTIMUM VER?ICAL ROCKET MOT ION
IN NONUNIFORM ATMOSPHERE

1°, The problem of determining the optimum regimeﬁ of a rocket motion
- 1s rather thoroughly investigated in a number of referénces [18, 19, 20]
using methods of classical variational calculation, in the main, for the
case when no constiraints are imposed on the thrust value,
With construints imposed on the thrust valus, this problem was consi-
dered in Ref. [20] . It was shown in 1t that during the ascent of the
rocket the extremal conslsts of three arcs. the first - motion at the maximum
thrust regime or with the engine cut off depending on the 1n1tia.1 conditions,
the second - motion at the variable thrust regime and, the last one — motion -
with the engine cut.off or at the maximum thrust regime depending on the
final conditions, This resﬁlt dqga not pertain to more complicated regimes
of the optimum motion and due to this 1t 1s-consid§red pafticular; The appli-
cation of the meximum principle to the above indicated problem permitted

finding out the extremal composition in the general case.

The equations of the rooket motion in the uniform gravita‘bional field

are as follows.

dv
Er* an! Ad?'"xg
dy
at=V,
sz_r Pmax-U ,
. CopVv? dt - C ‘ -y : '
where X(IJ,V)=—§‘—S drag force, P=@,€ © - alr

density, U({) - control 'function chunging within the interval 0s<Us{,

Let us introduce new variables

h=oy, M@-Mm, v-F, o¢-9L
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!
Then the equations of motion are transformed into the following form: l
dv_ Nu-Q |
dt- m ’
dh_ Ly
e~ p
dm
ar =N,
where
Pmax _ X - 9’
v=b, a()=jg  PTe@
Let us denote the vector SC={'U (T), h(q}), m ((L\)} in the term of Zz.
Statement of Problem. Determine such control U (T) (U-‘-u-‘ﬂ) ) 80
that the proper trajectory T @) expressed in equations (5.1) and
. 0 .
originating at the moment T=0 from the point I, passes at a cer-
tain moment T=T “4hrough .the point 1! and the functional '

§=C, (1) +Cah (T) +CuM (T)
%)

would attain the maximum possible value.

2%, According %o the maximum principle, let us introduce into the -con-

sideration the vector P=(Pv, Py, Pm)  @nd the function

Hopn 3 #py (2R 1) ~pmiu=
(B —p) Nue P Yo (),

(42)

whers the variables Ph, Pv,Pm satisfy the system of equations

dpn _ P+ 88

_—__E_?E’ |
d 34 A

ﬁv Pv _ P Phy . | (43)

*) The dimensionality of vector X 1s less than that of vector T , and
coefficients Ci (i-='U".,h,m) are not equal to zero simultaneously.

De I oy 0 _ e .
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dpm _ P» . Nu-Q ‘ (4.3)
de m m N

~
Let us denote the switching function with "j.

5= PHTV-“-va.

The function I has the minimum in the following cases:

1) 1f <0, then U={;

2) 12 V20, tnen ~U=0; -

3) 1 V=0,  the control would be special from the point of view
of the maximum prianciple.

3°, Let us consider the case of the special control.

Using the condition V=0, ﬁ""o - after integrating (4.3) we
~obtain . '
: teT
Pm=C; € ,
‘ | RS ,
Py=PmM=C,me ) (4.4)

prep 2 (38 +0) =cip (§+)e”™.

For the sake of clarity let us analyse the case when the time 1s not
fixed before but is determined from optimum considerations. |

As the functilon H does not explicitly contain the time, H = 0, the
following relaticn takes place:

v & . \on. -
phT‘PV(ﬁ_”) 0. s)
) Substituting Pan from (4.4) into (4.5), we obtain the following equ ~
ation
ad ;
75y * A (v-4)-m=o0 (4.6)

" connecting the instant weight of the rocket with the drag value.
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Differentiating the final relation (a 6) and uwsing the first equatlon
of the system (4.1), we obtain ‘the form for the optimum acceleration

gq , v 9°a , v-1 24 : ‘ (4.7)
'ir——o+a“ F avon ' p_ o
BQ 00
Q+2 57 * 772

1f we know the Optimum acoelerution we can determine in each point f

of the special control extremal the thrust value. i

Nu—(v+1) [Tr +Q(1r 1)]+ﬂ (4.8)

end, cbnseQuent)y,the value of the control function U (t).

4%, let us introdﬁoe the function

W= g% +Q(v--m,
The curve determinedby the equation w=10 and plotted on the pla-

nes (V, h) ana (¥, M) breaks each of them into two such regions L and K,
that in the first region W<0, in the other - W>0.
On the curve @W=0 is point A (see Fig.l4), in which the control

o

u_'ﬂ. Below this point the curve W=0 corresponds to the special control

regimes (.ll< l). Above point A the speciul control regimes are not realized.
Further on we shall confine ourselves to the consideration of the most

complicated extremals. For this purpose let us draw from point A to the

left =& curve corresponding to the regime u=4 and to the right — &

curve U=0. The first curve in region L separates subregion L, , the other- ‘

in region K - subreglon K . As it 1s kmown [20], if the initiel point T° !
i1s in subregion Ly, the motion begins from the regime U=14 and if it ’

is located.,i_n subregib_n K,, the motion will be accomplished at zero thrust

arec (U= 0). | '
For the sake of clarity let tie final point be located in region L.
ﬁow let us use the switching function % %0 construct line 'ﬂ=0 { #0)

originating from point A, The coordinates of this line are determined by

the equatior_i
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Qg ‘c'N
e e [T
?!

2 - ocorresponds to the point on the ourve w=0,

%3 - corresponds to the point on the switohing l:l.ne.

where T
Let us consider the possible optimum flight regimes: o
1. 1f m@y) > My (see F1g.15), the extremal consists of
three aros. This oase 1s investigated in Ref. [20].
2, 1£ M (T3)<Mp |  the extremal will consists of four arca:
the f:l.rst - the regime U=1 or U=0  depending on the initial con-
ditions; the second - motion along the special control trajectory t11l1
a certain moment T, <T, (where T, - t4me of motion to point A,
1f the proceés‘cont;nued along the speocial 6ontrol trajectory); the third -
maxinmum thrust arc (U={) t111 the moment <, when /M (T,)=m(T);
the fourth - coasting flight (U=0). L T
An example of such en extremal is shown in Figs 16 and 17. The ‘thrustf Nu
and the switching function versus the flight time are shown in Fig. 18.
When the initial point is in region K2 and the final - in region Lx
it can be shown by similar considerations that the ex‘tremal oonsists of
three arcs. The only powered arc 1s in the middle and control on it is-
" voundary (U= i) whioch also distinguishes the above optimum regime from
the regimes considered before [20].
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The principal attention is paid to the nmon-linear problem of investi-
gation of‘the free motion of the axisymmetrical bVodies about mass center
when they oross the atmosphere. Low pérameters of the motion equations are
found and the technigue of the determination of asymptotic solution is
described. The techniques of the sclution are based on the facflthat fhe
problem is close to the Lagrange case of the solid body motion probleh.

A trajectory problem of the atmospheric motion of the vehicle with a
high positive 1lift-drag ratio known in literature as a problem of skip
mption_of vehicle 18 also analysed. And finally brief considerations are
given to the accomplishment of & more rapid numerical integration of the

motion equations'when studying the motion approaching the Keplerian one.

1, First, consider a problem of motion of the axisymmetrical bodies
about the centre of mass when they cross the atmosphere. Lhe complete set
of equations of the motion of a flying bedy, being reduced to‘a nondimen-
slonal form, is written in the form:

aq _ o ar -7 K44 =&V, . aw
ot oo ot ot )

—
where é?;ﬁc ¢ - nondimensional kinetic moment, momentum and radius vector

of the centre of mass of the body, respectively,

e
!?7,5< Vo nondimensional moment of forces, force aoting on the flying

i body, and its velocity, respectively, .
' { - time related to the time interval characteristic of motion
of the vehiclé about the centre of mass.
' ) In term of & is indicated here a ratio of the time interval churuce
\ teristic of the body motion about the centre of mass, to the time interval
I "~ characteristic of motion of the centre of mass of a vehicle. Evaluution of
this ratio shows that along almost the whole part of the atmosphere patl,

except for a small phase of it, directly adjoining the atmosphere boundary
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this ratio is a value of order Y’Af; '~ where L 1s a.specifié size of
the body and &2 i1s a section of the path along whigh deﬁsity changes - ;
several times. Since 4 =1 m, and A?~10% m., then&’«‘-lo'z and, therefors,
along almost the whole path the equations of motion of the body in the
atmosphere have & low parameter. Along a small phase of the path ("transi—
tion phaset) directly adjoining the atmosphere boundary the specific veloclity
of the vehicle rotati&n about the centre of mass is still a value of or-

der 52° - the velocity of the vehicle rotation beyénd the atmosphere, and

the indicated evaluation of € 1s not valid. Along this path phase

£ =~ AV sem €
$2o

is an exponent factor in the equation of density. Therefore, the asymptotic

where V and & are velooity and path angle, and A

method may be used here only for rather lurge values of 2, ané thé golu=-

tions of some model equations should be used to study the motlon along the
path "transition phase® at small values of 2, Below we shall confine
ourselves to consideration of two rather important cases: a cabe when the
puath profile an@ value 5?0 are such that &£ 18 small.along the whole
flightrpath of the body, and a case when this condition is not feasible, but

the initial conditions are such that along the whole f1ight path the angle
_ of attack may be considered small. A |
a) In spite of the fact that the gsymptotic solutions determination
techniques which will be described below are applicable to the complete i
equations of motion, for the sake of clarity we shall confine ourselves %o
the study of the body motion about the centre of mass at a preset trajectory
of the centre of mass. This supposition essentially simplifies the problem
and at the same time in most cases does not result in any noticeable errors,
since changes in the perodynamlc forces resulting from a change 1n the angle
of attack occur most frequently at high altitudes whcre, due to a low air I
density, their effect is negligible, and in lower layers of the atmosphere !
the angles of attack of the body affected by the amerodynamic moment degrease

so that changes in the aerodynamic forces egssocisted with them become

negligible. Under such an approximation, due to the foct that Equations (1.1)
contain low parameter € , the path pargmeters of the centre of mass of the

vehicle may be considered a func¥ion of "slow" time T = &7
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The motion of the axisymmetricsl body 1s convenlently lrelated to
-Reéal's system of axes 5hown in Fig.l. In this case, since the damping
moments may be considered low and the chunge in the velocity of the path
angle with respect to the velocity of rotation of the body about the centre
of mass may be neglected, the set of equutions of motion of the axisymmeiri-

cal body about the centre of mass can be written in the form (see [{]):

g&fa -A° Stnol Cosod + Z-AMOC*M(TGC)J-éXZ(f;u()%:O, (1.2)
aA (zlcosu( 2) a/o(+£ (T = 0 g
df M?a( ot ?f!f ) H
24 +£/r(2“o()z
where.
y o Yz W, M=-—Mz (L) 5/x=_M (eL) .

T A A '

& ' '
l / Mﬂy.(?'-_d.)_- ?{’ ﬂ_ﬁ_ﬂ T =&
, = — > = ?
4 Yy o Tz .
of - sputial angle of attack;
) veloocity of rotation with respect to the velocity vector of the plane

passing through the venicle roll axis and velooity vector;

M~ restoring moment;

{4 Cy
, My , Mz = rotuting variables.
The equations of motion in Form (1.2) are the set of equations which

approximates to the equations of the axisymmetrical sclid body motion in
the Jagrange case. However, the oalculation of the asymptotic solutions of
these equutions in such a form involves consilderable technical difficulties.
These difi‘icultiea oun be essentially reduced 1f this set of equations is .
reduced to such a form that at &£ = ¢ it 1s changed to one equation for
 angle of attack. As it 1s found to do s0 1t is sufficient to introduce new
" unknown G instéad of A

= ASini + 2cosd, \ @.2)
which 18 a proJection of the kinetic moment vector on the Velocity vector

and divided by % . After such a substitution the set of Equations (1 2)

is reduced to the form:

aY, . » '
PV 5 ?‘,_2’,6’.'9(),:-6/;, (1;0()3_;,{:0’ o (1.4)
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\

+ é‘{/; (€t) G + L L (T )~ fy(toc)]zco.ra(j 0

a/t

a’z+

o Efe (L) 2 =0,

. . of
where MV = gj’ ) 90.:5_ %&) +B/M(Z;e£)daf- (1.5)

iIn recent years in the Soviet Union great attentilon has been paid to
development of the techniques‘for determination of the asymptotic solutions
of the equations of such a form [ﬂ-ﬁ] This paper is based on the technique
developed in [5]16] and [9]. The principal items of the technique are desori-
bed below. . '

It is seen from the equations of motion in Form (1.4) that at €= 10
and‘ﬁfgindependent of 7 +the motion is a single-frequendy oscillatory pro-
cess with time-invariable characteristics. At £ different from gero the
motion is also & siﬁgle-frequenOy oscillatory process with amplitude,
frequency, eto. slowly changing in time. Therefore, it is advisable to look
for a solution to Equations (1.4) as a function of two variables: slow
time € , which defines a change 1n am.plitude, frequency, eto., and W -

oscillations phase, regardiné the equations relating 7z snd ¢ +to time |

dT dw _
7 =g 7 yrey, (1.6)

wheré ¢/ () =~ ilnstentaneous frec;;uenoy of oscillutions which is to be
found.

1f uny of the unknown of the set:.of Equations (1. 4) 1s.given in term
of ¥ , then in conformity with the mentioned sbove the following equations
may be written: ‘

Y=y (T, W), %’—’=§"—’Wz)+§: , .
Ay _ 0 . oty _6’"__ %y
2t T 0w *9"“”5[20 5 Y7 5 prelr e 23

“—
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He_nce it follows thut representation of the golutions as a function of
two variables permits separating terms of different order from the expres-
slons of derivatives which essentially simplifies the analysis and solution
of the resulting equations. With (1.7) oonsidered., it is seen from Equa-
‘l _ tions (1l.4) that for determining the principal terms of the ésymptotic 5

| expansion suppose

L=l (CE)+EL(TGW); =2 (2)+E2(F,0); (1.8)
G=6,(0) +E6 (C0) 5  $= 4TI+ Ep (1)
where the functions G,(T), %, (Z), ¢ ) : and ¢ rz) are to be

determined, and o, (?,&) 1s the solution of the equation which is called

a "reference equation":
@ “z) @””"(" + MZ[Z:_?.,(?), 6, (), «, ] =o. (1.9

Besides the four arbitrary functions given the solution of the "refe—
rence equation® alsc depends on funotion w*7) which 1s'add1t1ve to @
and on energy of 3yat.em £ ), All these six arbitrary functions
should be determined so tha‘f functions oo , 7o and & , where Z and &
are expressed in term of t of by (1.6), sutisfy the initial set of equations
with an aboura_oy up to the terms of order & at time interval © < Z% 25/6.
having a gréét'nurgber of osoillations. g

Substitution of Equations (1.6) into Equations (1.4) and analysis of

the resulting relationships show that fhis condition can be satisfied if we
‘ suppoée whT)=0 and determine the remaining srbitrary functions, so
that Functions- (1.8) are periodic with respect to variable ¢ with the pe~
riod independent of 7 . '

The condition that function o, (7T, @) period 1s independent of ¢
with respect to & permits determining one of these functions and the
remaining fbur conditions are obtained proceeding from the requirements for
periodicity of the funotlons of, (%, ), G (7 cw) and 2, (%, @) and
have the following form:

Tegsy Zey

A 0w 06 , 0 2
[ %/ 4yt S ACIEIAC & ViR
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6 ]
| Tay A T |
. ’ 2 P )
oL [ hye]o, L e ) coseoti] o
o 73;/3 o .
20’-# [7——;2__/ fa‘!'dﬁ)]?o =0 , Y=o
. -9 .
where i
‘ e -
3 vrakaie é—)— {@o * 16+ (faty) co.s'e‘[o ?.,})
9% _ _ L iy /g |
i) (?°+’{*?°.)'

Differentiation with respect fo T 1s indiceted in (1.10) with an acoent
and the periocd of funmction £, (%, @) with respect to &« 1is gilven in term
of‘7; . The first condition out of these conditions of periodicity is an
energetic relafiunship: the first term in it is an integral change rate
with respect to doubled kinetic energy and the rest of the terms represent
the work of disturbance moments. The last two equations in {1.8) are nohe
other than a result of half-cycle oscillations averaging of the last two
equations in (1.3). It is not diffiocult to make conditions of periodicity
also for the complete set of Equatibns (1.1), since after.introducing new
unknown G (see 1.3) it assumes the same form as the set of Equations (1.4).

When using the asymptotic solutions see that the insfanteneous fre-~
queﬁcy of oscillations %o 1a not set to zerﬁ, otherwiée the specific time
ratio will not be a small value at some, though short, time intérval.
A detailed study of this problem has shown that in cases when ¢ 1s set
to zero at some t = ¢, , for some discrete values of the initiai conditions
the precise solutions may have peculia;ities which are not considered in -
the asymptotic solutions. But for the most of the initial conditions the
asymptotic solutions give the proper results. |

In the general case the system of periodicity of Condittons (1.10)
should be 1n£egrated nunerically. Bubt numeriocal integration of thils system
requires machine-calculated time {/E times less than integration of |
the initial set of Equatioﬁs (1.4) aince 1its solutions do nof contain high-

frequency components. If 1t 1s considered that damping substantially affects
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the motion only in the lower layers of the atmosphere, where the angles
of attack way be regarded small this system can be integrated.in the closed

form.,

Neglecting damping at high altitudes, from (1.10) we have:

7
% Ol |2 (1.11)
Go= coms?, ; 2, = consé; %/ (5 °) dew = const, ’
w
[7]

While at low altitudes due to small angles of attack ~functions fx, f
and fz may be considered independent of o, cos « = 1 upnd besides, for
axisymmetrical vehilocle, assume fy = fz. Consldering the aboye given
assumptions, Equations (1.10) may be replaced by the following:

Go(T) = Zo(2) # co.;’wte— Zdz; 2, (T) = Cconst e-'//“” .,

r (1.12)
i
~ —j;fgfr
&, (Z“)/ ;;")iiw = Const € *

The motion can be studied in great detall at M(ZIu()=y(Z‘)M?a(@(t)>0)

since in this case, the solution of "reference equatioﬁ" (12.9) can be ex-
.pressed by Jascobian élliptic functions.

COSL = A(T) + BEIsRY K (Pt ew, D(T)], (1.13)
where A (), B (%) and J7%) are the func-tions to be determined.

Index "O" denoting the asymptotic soclutions will be sometimes omitted
here and further. Let's briefly dwell on two extreme cases: a pla;mr case
and a case when the axis of the body moving in the atmosphere describes
a cone round the veloclty vector with oone angle ol;anging slowly. In these
cases a rathér full ideu of the change in the vehicle angle of attack can be
obtained by referring to the charts given in Figs 2 and 3:

Fig.2 shows the dependence of the amplitude of the okscillations of
angle of atteck for the planar case on the aerodynamic "stiffnelss“ y(t‘)
and "damping" f‘;5 ('Zf) (D —'.arbitrary constant), and Fié.B shows the
dependence on the same values of angle of attack of the vehicle for the
second extreme case. The values of ¥ and of ai-eA given in Fig.J in
terms of ¥, and A, for the re-entry case, where 9(2“)= O, Note that

the second extreme case 1s realiged 1n'the case of a body re-entering the

"atmosphere and stabllized beyond the atmosphere by rotating about the roll

axis. It is well seen from the charts in Figs 2 and J that with increase
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in ?f(t) which corresponds %o the ilnorease in dynamic pressure, the vehicle

approaches & stable balanced position.

Let's relate then the parqmetera of motion at the initial moment and |

the parameters of motion in the lower layers of the atmosphere for the re—

entry ocase.

As it is spparent from (1], (12], when épproaoh:l.ng the atmosphere the
axis of the axisymmetrioal vehicle describes a circular cone (precessas)
relative to the kinetlo moment vector Qo which is unchenged beyond the.
atmosphere. In conformity with this preset the vehicle motion, when approach~:
ing tne atmosphere, in the following way. In term of % denote an angle
between Q and the velocity vector and in term of 9” - precession cone
semi-angle, and in term of ¥y - angle defining the position of the body
axls on the surfuce of the cone ( see Fig.h). With Q known, these angles
simply define the motion of the vehicle when approaching the atmogphere.

Note that if in terms of on and‘qso we denote project;on'ﬁ; on the’

vehicle axis and on the perpendiculur %o 1t, it is oclear that

G?o . .‘
@%“ Q-’Co .
j.e. the value of angle ¥, determines the value of the vehicle rotation
velocity relative to the roll axis.
By using the known values of Q,, ¥, and Fé 1t is not difficult %o

find the_constants in Equations (1.11). Then ' using relationships (1. 11) for
the upper phase of the path and then matching them with Expressions (1.12)

at the moment when oA becomes sufficlently Small, the expression. for the

angle of attack of the vehicle in lower layers of the atmosphere is found

to be (see [6] ):

2 ? f— >
AL : ! _ (1.15)
oL = -————-—*}/—;?-'f }/(a'-/-é'm"(/rg (c)dl)) | :
] éﬁ(zﬁ # o '
where » und b gepend on ¥, und ¥, und are determined by the following !

expressions
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’ 2(sm¢? +5mﬁ) at Y r4 <7
o+ = :
2 : .
2(5n % - 5in f2)*  af Urt < T
| o e : g |
2(cosfh-cos )* ot Y4 er
Considering that G,, = —.QA find that at a preset equatorial disturbance

seny,

the amplitude of oscillations °Cmax is proportional

V5 Sin z‘lf* .+ o X2
Vsin g,

at ¥ +Y <F

(1.17)

, cos %+ cog Yo
V2 # Z

Se7 ¢,

at %-}-%)&W—:.

{ Bee Fig.S). o _
‘ . It is apparent that at a fixed angular velocity of rotation about the
roll axis ( V/z,) the amplitude value becomes nIaximum at ¥ =F-%
and minimum at ¥ =

Note that Expressions (1.15-1.17) ar'e valid for all possible relation~

- ships of M (T, ) satisfying the conditions M (7, L)> 0 al oclL e

0
and 'ﬁ_;(jﬁg(o"_g(t)>0 :

To supplement the study fcr 'small values of -;l?o, consider

b) 8 ocuse of amall values of angles S/f and ¥, when the equations

- of motion of the akisymmetrical bdody are linearised.

As it has already been mentioned above, the oonditions of applica-
bility of the asymptotio method at small $2 are violated at some auffi-
ciently narrow transition phaae ‘which is at a comparatively high altitude.
Along this path phase the Value and direction of velocity slightly differ
from their values for the re-seniry case, and the damping 18 negligibly
small. Regarding this, the linearized equation of the body motion along
the_transition,phase is written in the form .

o .
th—t? dé’%— ?J=0 _ " (1.18)

-~
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Here 4= & + l'é’e , J,: and 51— de- Sparr type angles (Fig.6).
In similar conditions the motion along the transition phase has been

‘described in Reference (13).

Y T
. Introducing new varisble o = e tz ! ) we obtaln
d%L 2
—_— = 0. 1,19
S tLgt)r 5IL0 (2.29)

Approximate the density - altitude relation for the "transition phase® by

using formula g = P e—‘)‘H

2/mi/pst 209
A2 /s €/ AV /$en 6/

Then considering the approximations given gbove reduce Equation (1.19)

and introduce new argument

rl

_ xX =

to the following form:
) 2

-

(1.20)

x
where
_ Z - Qz‘o
M= XV /sn6!  Feav/sine/

Parameter Af has the order of the specific time ratio '(1.e. ‘(/.g)‘ for
the i)ath phase adjacent td the atmosphere boundary.
The solution of Equation (2.20) is:

{ = AL (x)+ B, (%) (1.21)
where y‘ﬂ (x) - the Bessel function of an imaginary order.

A% small I -

H

_ XL [ 2+l | C (1.22)
T (%) =(3) NI*W+0$ )

at large I

. JCJL, (I)=V'Z_,£E'CO,S'($—§-7@U-%)+ 0(‘:—(‘—;—?—-) _ | (1.23)

Using Formula (1.22) determine the values of A and B in term of the

initial conditions and then by means of Formula (1.23) predict the amplitude i
of the oscillztions of the body by the angle of attack at the end of the

transition phase, where the asympto'i:ic method is épplicable. The value of
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the angle of attaok in Resal's axes 1s equal to |6 | but [6] =] | there~

fore,determine the amplitude values of o max 8nd A oin

attack measured in the Resal axes is not set to zero in the general caase,

(the angle of

but alternately attains maximum and minimum values):

D{ira.:c = K, + /K- ’(«.za, ) (1.24)
/' ’ o (1.25)
chm'n = A, - "’18" /(ee,

where
- M [(% ) 1ch* ZH - sin'y) # (%4 ) (A + 57 D1, 26)
xsh T , ’
M e : (1.27)
2z chau (%% 5" )shau, ' |

¥ = —2(/3‘ -4l E{E # @hg [7(1+Lpc). (1.28) -

Consider the structure of angle ¥ . At fixed o (fixed initial
moment) it comprises a random value of "phase? ¥; in this case, it is
normal to consider that the values of V.’g are equally probable in the
range from O to 2% , therefore, the values of ¥ are also equally pro-
bable. |

In the case when the value of A£f 1is large, CAE _Vgﬁ and

6‘/2"%-‘-’»1 > Snty, B _

Then the amplitude becomes independent of the initial value of the phuse
and the results obtained above become valid. The principal feature of the
motion at smalljl is its dependénoe on phaae?"’,.

This phenomenon can be interpreted on the following physical basis,

At small values of /.( the dynamic pressure bulldup along "the inter-
mediate p}iase" gccurs very abruptly and the initial d?aturhance beyond
the atmosphere does mot simply define the character of the disturbance
motion in the lower layers of the atmosphere, since, in this case, much
depends on the phase or angle of attack of the body at the moment when

dynamic pressure increases abruptly.

I
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While at large vulues of JL( “he specific ¥ime of dynamic pressure
builddp essentially exceeds the pericd of the disturbance motion and the
initial phase becomes inessential. .

Extremes of Expressions (1.24) and (1.25) with respect to 9*_ are
obtained at ¥ = O and Y= -;-t '

2 7 2/( 2 2
(L maw ) oz = Z8h Ve (V7 %)k jz.ﬁ (#=0)  (1.29)
(% » ) sh® 2
(Lmax Vo = 222470 2y hrae,
men 1‘5’#.7(}( (%-%) ch =5 /)
2 2 AL , s - ‘
(?(Mf'ﬂ)mc';? = W (% - ‘/ Yeeh® —[—( -(V’ o)
e apt  [(HruyhtTE)
(O{rnén ),,701.== Imer?

xshap | (y,_ % )lch® ZH (=" ).

Asymptotic Equation (2.15), in this case, gives the following result:

2 _ ﬂ 2 . .
oz, =~ x (< 7%), - @.20)
v & /C(

°(fﬂ17azc== T .('?i-— Qé”)i

nence it follows that

A m ~ <@ |
{ az ) ac _ Amaz ac = ?Ofé Zé—( (1.31)

£
c(ma.z' Fo'dof (o(maz )ﬁ?(')‘?

From coﬁéideration of Fig.7 it becoﬁes clear that at J/I > £, 5 the
difference between the true value of the amplitude and the asymptotic one.
does not exceed 1%. - -

Since along the path phase following the transition phase the asympto-
tic method is applicable, we may neglebt the approximaiions indicated

above and write down all the formulas for the amplitude of the angle of

of attack, with damping, velocity change and path angle taken into account.

To do this, it 1s sufficient to substitute

- -f-/]{rdf s
%

T
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for :gg in Formulas (1.26), (2.27) and (1.29). The aﬁalysis of the written
out formulas permits getting an idea of the character of the motion at
var;ous values of-[l. Thus, for example, it tYurns out that at smalldl( the
motidn of the body in the lower_layers.of the atmosphere almost in all thé
‘ cases becomes "near to planar* in the sense that the ratio ;-("-(7’”;@; becomes
small. _ : '
The obtained reéults for the general case of the motion at small %
and %z  have not been analysed in Reference [13].
2. Consider the motion of the vehicle with a high positive lift—drag
ratio { s0 called "skip motion" [14]) as & second example of usage of

the asymptotic method.
After 1ntroducing some generally-accepted epproximations (/6/ < £,

AH

P =€ s Cx = const.) the equation of motion is reduced to
the Form [15]? (9]:

2y ==y %%y

o z° =H'QA'C—:* % (2.1)
where -

2= £, 122 _ Cz8 /R

vy o Y= ey J\_Jo'

Without giving detailed transformations (see [9] ) write a final formula

which gives the amplitude values of altitude versus velocity

C%Y [[CZfStflﬁanaq~ 7 7
(% ~ 1)% Y 2»?(_}_/%_1 ]— corrct (2.2)

Here the argument of function :6 is a ratlo of maximum "amplitude

density"jﬂmax to the density corresponding to the quasy—stéady glide

path [14]
2
_ 2m (g —%)
\/O*—‘ O‘V'SJ’VQ
Function h (u)ris predicted by the formula:
Lofu) B
Ale) = /fsw%n % ol (2.3}
e ’

where Z; (u) and Z, (u) = u the roots of equation

u-gz+1n z/u = 0.
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The plotted function h (u) is given in Fig.8. : : .
At W =4 ‘
V/a 2 - '
= —F= &(-— ’ -
Alu) 75 (¥-1) : (2.4)
at U >4/
) 2 VY
/?(u) 2 ' .
3 (2.5)

Substituting approximate formulas (2.4) or (2.5) into relationship (2.2)
we get results corresponding to the results given in Reference 16 or 14 |,
resfectifely.

Formula (2.2) combines the two extreme camses considered in these papers.

J. In conclusion dwell on the problem of accomplishing a more rapid
numerical integration when studying the motion approaching the Keplerian one.

The asymptotic methods are highly effective when solving this problem.

Jf we introduce osculating variables a and b by means of formula

( 1+acosotbsiny . dy -asend+ Ecosd” ,
A 61

where 1T - radius vector, ¥ - poler angle, and/o - ellipse parameter, then

the equations for the planar case are reduced, as it is known,

to the form (see e.g. [7] ).

(3.2)

a
g—g,—=ﬂ;2/}zymﬁ’+/r(——a,;smﬁ’f,zco,rﬁ’)],
Zo{ ﬂy*[/zww"/r (v %w‘gﬂ/*“emm]
@2
a5 “Ey /T

2 ' . .
Here (Y = f(z)where g (r) - acceleration of gravity; /e and /z- -

projection of disturbance acceleration on the radius vector and transversal.

When studying the motion apprcaching the Keplerian one when disturbance
acceleration is small, Equations (3.2) can be re-written in the following

standard form:
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C{‘Z} éﬂ)ﬁ (x, ..., 0) .
/J/

(3.3)

where & = — low parameter. _ '
It 1s .1mportant to note that in cases when 0/z and d/%— do not
¢ evidently depend on polar angle s s functions Xi heve with respect to &
a pe'rit;d equal to 277.
Further, this condition will be supposed feasible. In conformity with
the sald in paragraph 1 the principal terms of the asymptotio solution
of the set of Equations (3.3) are determined from the average set of

Equations
dZ ,
- e——/X (2, ... 2, )X (3.4

_ Here, when caloulating the integrals, variables Xy +ee X, are constdered
parameters. These equations describe a circuler drift of tﬁe osculating
elements during a great number of revolutions of a vehicle relative to the
centre of attraction.

If the integrals inocorporated in the right-hand parts of Bquations (3.4)
can be calculated analytiocally, then subseguent numerical 1ntegration“of
these equations 1s @ rather simple problem, as the solution of the set of
Bquations (3.4) does not contain rapidly changing components. In this cuge,
the averaging of the equations allows reducting machine tima, required for
daloulations, 1><g times. However, with a rather complex relation between
acceieration components dfg and d/z- and the parameters of motion, these
integrals have to be calculated numerically (see, for example [11] ). In
this case, 1t 1is necessary to do it in each step of numerical integration
of Bquaetions {3.4) in the course of calculating their right-hand parts.

Due to this, in the last case the averaging of the equations 1s advisahle.
only when the condition of applicability of fhe asymptotic method is

feasible with & rather great margin. But for these cases a method of & more'
rapid numerical integration of the equations in the osculating variables

may be suggested, which does not require calculation of the integrals in

.the right-hand parts of the average equations and, owing %o this, substan-
t1ally sinplfies programming (see { 10] , [7] ).
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Introduce into the consideration one more fictitious set of equat'ions., '

differing from Equations (3.3) only in having in its right~hand parts a
larger period T than 277 with respeot to&:

a’a:: | . |
EX (xi . '1 ‘Qﬂ-ﬁ) (£- .,/7.)‘ (3'5) L

When ave'raging this set of equat:l.ons, average the right-hand pa.rfs with
respect to 'I'. Note the following equation

/X (x,, 1)’)6{(9’== ——/X (x,,. xq,;‘??'?ﬁ’)a’ﬁcs;s)

where Il, ens 3 In and T are considered parametera. This equation is prove
by a simple replacement of the integration variable. It apparently follows
from Equation (3.6) that the average sets of eqeafiqns for sets of (3.3) -
and (3.5), respectively, coincide., This means that the aversge characterie—
tics of the solutions of Equations (3.3) and (3.5) should also coincide

(see Fig.9). Thus, the-ayerage characteristics of the solutions of the
initial set of Equatione (3.3) can be obtained by numerical 1ntegratipn.

of the set of Equations (3.5). If we considetr that the numerical integra-
tion step required 1s at leest proporfional to the pertod ef‘the ripght-hand
parts of the eqﬁations with respect to & (see {10] ), then it follows that
we ocan galin time, required for numerical integration, T/zyr times when
integreting the set of Equations {3.5) instead of the set of Equatiens (3.3).
Ratio.z>/357-'1s limited from above by the.cendition of epplicability

of the asymptotic method %o Equations (3.5) with an increased period ¢f the

" right-hand parts. The main condition of applicability of this method Gon—

. 8ists in the fact that chsange in X in ‘each interval of change 1in o with
the 1ength of order T would be small as compared with:;xi - complete change
in Xi within the entire considered interval of change in. 1

Using this condition it is not difficult to obtain the following
approximate formula for selecting period T

7 ge¢) ' .7)
27 = Cmax ]

where / = //-7 and & maz - maximum permissidle error.
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This formula weslsc permits evaluating the gain in time which 13 got when
integrating the set of Equations (3.5) instead of integrating the set of
Equations (3.3). .

~ Thus, for example, at € . = 0.1 and //9 () = 0.01 muchine time
required for the caloulations oan be decreased 10 times. The method described

above may be called & method of artificial increuse in period.
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‘7,Ji. Tpomaoscxilt
A.Jl. CraceHKo

0 COPME TETVIOOTBOAAIMK SMEMEHTOB.
OUIARIARMHX MAIVUEHVEM, GACTD III. QOPMA TVBKOM
HYT¥ B DOJE UEHTPOBEXHHX CHI.

AxgoTanaa -

Tpepupywse I # 11 4acTa pacoTH OHAM NOCBAACHH onpeneneunm onwnmanbuux
quM TeIOOTBOLANAX pPECeps OXNARAACeMHX nsnyqeuneM.X/ B HacTosmejt 11T 49acTH
-paccmowpena fopma CBOCOMHOH JEHTH /raokott HaTH/, KOTOpAA odxawnsaew OXNag~
RaeMuli IWARAHID H R3zydaeT CO CBOEH HOBEPXHOCTA OTHATOE OT DJAAADa TEmAC.
NorasaHo, 4YTO fopma TACKOM HATA HOL HeficTBEEM EHTPOCERHHX A KOpROIZ-
COBMX CRJ, BOSHEKAMX IDA BpaueRA: HUTH ¢ HOCTOSHHOM yrnoaoﬂ crcopoc'rr:m (0
omMCHBAETCH cymMolt DAMANTRICCHREX unTerpaﬂoa OepBoro M TPEeTBhEro pona.
OupeleneHH HATAReRNE HATH ¢ IJEHA y4acTKa KaceH#s €€ C HALABIPOM.
HaiineHo, 49T0 HATH onnaaxoaoﬁ OTHOCKTEABHO} JIRAH nonodnu. T.8, MX
dopma He 38BHCAT OT yrnoaoﬁ CKOpCCTH, €Chl nnneﬁnas CKOPOCTH TpOHOPLKORANEHE
(V. yraszaHu CHOCOOH yIAyulieHAs yoxoBHf: TennonepesadM OT UEMMBADE K JeHTe
nyTeM yBeJMUeHHUs JAMHH yIacTKa CONPAKOCHOBEHAA NEHTH c unnnaﬁpom.n-nawnxeﬂna
NeHTH. ‘

x/ CMm., Tpoxsopcruit I'.Jl. ROkAan HA XIT wonrpecce MA® u T.J. Tpon30BCRUB,
B.B. @pojoB IOKIan Ra XITI xoiirpecce MAQ.
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N

G.Iu G‘rodzovaky
A.L. Stassdnko

SUR LA FORME DES BLEMENTS D*EMISSION, PARTIE IIT.
‘LA FORME DU FIL FLEXIBLE DANS IE CHAMP DES FORCES
CENTRIFUGES.

Annotation.

Les parties préoédentes I et II du travail sont consaorées 4 1a défini-
tion des formes optima des allettes d’dmission,™

Dans oette partie on env:l.aage la forme de la bande libre cfil flexible)
qul enveloppe ‘le cylindre refroldi et emit de la surface la chaleur pris du -
cylindre.

La- forme du f£il flexible est deorit pa.r la somme des intégrales ellliptiques

du premiére et deuxidme genres sous 1l’action de la force oentrifuge et la
force centrifuge compgbe qui surgissent au temps de rotation du f1l avec

~la vitesse angulaire (A) constante, On a &table la tension du fil et la

longueur d¢ la seotion contractée avec le cylindre, On a trouvé que les fils
de la longueur parell relative sont semblahles, c’est & dire leur forme ne
dépend pas de la vitesse angulaire, si la vitesse liféaire est proportionelle
a8 (). On a montrt les moyens 4 améliorer les conditions de refroidissement
de cylindre & la bande &.1’aide d‘augmentation de 1a longueur de la section
contractde d1a bande avec le cylindre et de 1a tension de la bande.

x) le rapport fait A XI1I congres 4’ IAP par m-r Grodgovsky et 1e rapport fait
A XIII congras d'I.AF pa.r m-rs Grodzovaky et Frolov,
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G.L. Grodsowsky.
A.Ll. Stassenko

JEER DIE PORM DER WARMELETTRNDEN BLEMENTE MIT
" STRAHLUNGSKUHLUNG. 3. ©BIL. |
'DIE FORM DES BIEGSAMEN FADENS IM ZENTRIFUGALKRAFTFELD,

fbersicht.

gwel erste vorhergehende Teile der Arbeit waren der Bestimmung der
Optimalform der wirmeableitenden Rippen (mit Strahlungsktihlung) gewidnet.x)
Im vorliegenden dritten Teil ist die Form des freien Bandes (des blegsa-
men Fadens) betrachtet, das den zu kihlenden Zylinder umfasst und dle vom
ihm abgenommene Wirme von seiner Ober fliche ausstrahlt.
Es ist gezeigt, das die Form des biegsamen Fadens unter Einfluss k
" der bei der FPadenrotation mit konstanter Winkelgeschwindigkedl uftretenden .
Zentrifugal - und Coriolis-Ertifte durch die Summe der elliptischen Integralen
* der ersten und dritten Art beschrieben wird. Es sind die, Fadenspannung und
Berlihrungsstrecke des Fadens nit dem Zylinder bestimmt. Bs 418t festgestellt,
das die Piden mit gleichen Relativlingen dhnlich sind, d.h, shre Form von
der Winkelgeschwindigkeit unabhingig 1st, wenn die Lineargeschwindigkelit
proportibnal 18t., RBe sind die Verfahren zur Yerbesserung der Wérmelbergangs-
verhiltnisse vom Zylinder zum Band mitiels Verlingerung der Zylinder-Band-
Beriihrungsstreske des Bandes und Vergrisserung, der- Bandspannung gezeigl.

x) Siehe G.L. Grodsowsky, Vortrag, gehalten auf dem 12. Konmgress IAF und
¢.L. Grodsowsky, W.W. Frolov, Vortrag, gehalten auf dem 13. Kongress IAF.

Declassified in Part - Sanitized Copy Approved for Release 2013/02/20 : CIA-RDP80T00246A023900070001-9



Declassified in Part - Sanitized Copy Approved for Release 2013/02/20 : CIA-RDP80T00246A023200070001-9

3

Summary

In the two previocus parts of the paper radiating fins of optimum contour
were discussed.X’/ ‘ : _

In this part the form of a free belt (flexible thread), rolling around
the cylinder to be cooled, and radiating the heat removed from the oylinder
into space is considered.

| The form the thread takes under the influence of centrifugal and Coriolis
| forces induced by its rotation with a constant angular speeivﬁa shown to be .
_expressed in terms of the sum of elliptic integrels of the first and third
kind, : ' '

Tenslon of the thread and the contact line length are derived. The
‘threads of equal dimensionless length are found to be similar, 1i.e. their
form does not depend upon angular apéed, if the linear veloocity 1s proportion-
al to(A) . Some means are indicated to increase heat transfer from the oy~
linder to the belt by inocreasing the contaot line length and tension.

In the paper [1] the scheme of the’belt radiétor'(Fig.i) was disoussed
in whioh a flexible belt pressed by rollers to the oylinder removes the heat
from the cylinder and radistes 1t from its surface. It is of interest to
examine a free belt pressed to the oylinder by centrifugal forces induced by
the rolling of the belt around the cylinder with a certain angular speed.
The problem of determining the form of the belt, its tension and 1ts area
of contact with the cylinder is reduced to the problem of a flexible thread
in the centrifugal force field which 1s the topic of this paper,

; It 1s assumed that a flexidble thread having length L and density per
unit of length AL rotates with a certain constant speed (A) around a cylinder
¥ith radius ryand moves simultaneously with a modulus-constant speed ¥ (Fig.2),

If the thread rolls around the fixed cylinder without 8liding,

V=r W, Within the limits of the angle 24, & part of the thread contacts

the oylinder, .
The form of the thxeggguita length of contact with the oylinder and its
tenslon are to be determined. '

The force of inertia acting upon the thread element da is

dF = [T (Z/qu - p Vz)ﬁc_,]ols =Pds sy

 ————

x) G.L. Grodzovsky, Report at the XII IAF Congress.
G.L. Grodzovsky and V,V, Frolov, Report at the XIII IAF Congress.
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where &15 the curvature of the threa.d, '
Ho 1s the orth of the normal to it,
‘P is the force per unit of length and
T 1s a radius-vector. 7

It can be shown that the balanced form of the free flexible thread is

described by the equation’
(AT ) =0 v

where A is the tension of ‘the thread,
"t‘ is the orth of the tangent.
In the proposed problem the form of the thread will be a flat curve
perpendicular to OV , .
Writing Equations /1/ and /2/ in proJections\fhe axes 'l; and Vlo
we derive correspondingly

Ay =0 S

( f.z 1z .13
2. 2
s UTZ’_F——W +2 AK + 5 g K O "
Here _r g _ ;S__" -
. P_‘fa ' w ; O\;'— To -Pn.+2 2 /5/
= A __A_—- — L Lo
A=z a=iemr . K Wj}ﬁ%

The double sign in Equation /4/ takes into account the fact that ple)
may not be a simple function, the positive 8ilgn being chosen for ()0< M
and the negative sign for .>(f;, where ¥ Y is a point dividing simple
branches of the curve (at this point ‘DO)

The initial conditions have the following form JD 1, P =0

with tf ‘]00 ' /6/

After integrating /3/ we get
g)_ . 2
N-F=a+l—¢ _ /14

The substitution of the variables
2

£=%, Gfﬁ}g‘z)‘z{ = - 78/ |

]
reduces the curvature K and Equation /4/ %o the form K = 2 al |
tp+6- (a +1-p) 5%2
hence 0 201

46 = a+i§ = @i (§(§‘)/9/ -’
qfﬁé =G @+1-}), KU 2C, §2;\~)

|
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Thus t{:)e thread may consist of pleces of two kinds: with variable
surva and arog of circumferences with curvature K(z= const. From the
conuiggonsgo'f the 2ivst kind when = g'*.--: 1- a =0

)
we have i=a(i+€)’ C____%!._z_)_ 6 '2 'Z

: @
and K " ( §'*_ =K ( §'x_ ), if.e. the ocontact of the second kind,

which 18 quite patural. It is evident that the curvature of the thread has a
fixed sign and 1ts absclute magnitude does not decrease with +» It 1s nega~
tive with b>-1 and the thread has a point of self-intersection, Therefore
the flexible thread 1s a mathematical model of the flexible belt when b1,
Considering the former variables and integrating Bquation /9/, we get[ﬁ]

L'a + 6(F-1)] dp_
y%= j‘ Viep-01*— [a +8(p~1)]7p* dad

The equalityP = 0 is fulfilled at the points where the radicand turns’

into gero: [a_.._(P i)] _ [a-}-@(P ')J O

This eq_uation, cubio relative to P y has three valid roots,

- €_+_i_ T
fis =4, P% at F )46+ ey In the inter-
alﬁ< <P3 the radicand 1s negative but, since P 1s continuous, only two
roots out of three have a physical meaning: the first indicates that the
thread contacts the drum (see the initial terms /6/) the second defines the
greatest radius .PJ.= R, so that

1<p <R, @<lpl<T

Integral /10/ which defines the form of the thread 1s divided into two
ellip%ic integrals of the first and third kind, which by substitution

= (2-1) sin'y Y
are reduced to the oanonioal form of mgendre f 0‘4’ —=
§%. = g1 | Vﬁt"i g —-1 (i*h‘s*@’)v i 1

- r,é.,, Flpk + a6 W,

The angf T is defined by '.70 n with j) R (kP

™, = v R + =5 LR LY

where K (k) e Tih, k)are £ull elliptic 1ntegrale.
In Equations /12/ and /13/

2 g
j’l -"f:_ ) k PZ j_
So, the functions P P( ¥ a, g ) and g) (a g) are found,
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I

The correlation _
L /18/
3 {ds = ¢

° E L'
connects the obtained values with the relative length of the thread Z = "Fo'

The oase ¥ = b = 0 allows an analog with the motion of a material par-
ticle. In this case the force ‘P/a/ 15 central and has a potential functi-
on U{r): >

? B ) =grad UE),  UCr) =AZ T

Then, as is known, the form of the thread is identiloal with the ire-
- jectory of a free material particle with the mass m moving in & central
- field with the force fumctlon

: 2

U,y =2 {uer) -y,
the initial position of the particle coinciding with the beginning of the
thread and the initial speed Vs =,\o. In this case the angular momentum is

equal by the modulus to A = ro)go . and 1s perpendicular to the plane of the
thread. The form of the thread 1is defined by the quadrature

" Adr

E :é T N

which colnoides with Equation /2/ in case b = 0 and is an elll:l.ptic integral
of the third kind.
If V = Cr,w, where C 1s a constant (e.g. V = T v, the thread rolls
around the oylinder without sliding) or V = 0, then f=P((j’, (/), tﬁf%( {/ ).
- l.e. threads of the same relative length are similar and, therefore, the'
\ form of the thread 1is independent of the angular speed. o
7o improve the conditions of heat transfer from the cylinder to the-
{ belt it may be desirable to inorease the length of contact between the belt
{ and the oylinder. It is assumed that an auxiliary cylinder with the radius I,
| and mass M‘ moves freely along the thread and is repulsed by the centrifugal
) forces to the meximum distance from the point O (Fig.3) thus streiching the
| _ thread and increasing ‘fo and A, -
\ The form of the thread is known, the parts of the thread contacting the.
cylinder are arcs of ciroumferences with radit ¥, =nd r, and the form of the !
| ' tnread between the points of contact with the cylinders 1s described by i
| - elliptic integrals 712/ .Lwe derive the unkmown ho and lfo from Relation /14/

and : q
. 2 9
| 2,\,,smg;, -——QJS‘CPde + Mwry | /16/
I
where |, 1s a radius-—vec?';?%’r of the point of application of resultant of
| centrifugal forces acting upon the cylinder M. ' .

\ . The results of the calculations of the form of the thread made with the
. help of elliptic integral tables are shown in Figh for V = 0.

l ‘ 4. Weatherston R.C. ﬁn'd Smith W.,E. 4 Method of Heat Re jection from
Space Powerplants. "ARS J." 1960, I1I, v.30, N 3, p.268-269.
lf - 2, Cracelko AJl. Qopua pPuCKoR HWTW B Hole UeHTpoGeXRHHX Cui.
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_GRODZOVSKY G,L.,IVANOV I,N,,TOKAREV Vv,

ON THE MOTION OF A BODY OF VARIAELE MASS
WITH CONSTANT AND DECREASING POWER CONSUMPTION
IN A GRAVIATIONAL FIELD |

Part 11T
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0 IBHEEHHH TENA NEPEMEHHOR HACCH
C TOCTOSMHON ¥ YEHBADUEN 3ATPATOR MOLHOCTE B I'PABMTALMIOHHOM NOJE.

yacrs U~/
Tpoxacecku#t T.lle, lBaHOB DeHe, Toxapes B.B.

AHHOTALNS

n.9. PaccuaTpuBaeTCA 384848 00 ONTHMMIAKY NAPAMETPOB IBUEEHUA Te/a Nepe-
MOHHOR MACCH C CTpARMYeHHOR 3ATpaTOR MONHOCTM NMpM HeIMHEHRHOM 3ABMCHMOCTM Beca
MCTOYHMKA MONMHOCTH OT BEJMYMHH MOMHOCTH. YCTAHOBJRHO, YTO BAXHOE CBOHCTBO -
pa3nenenve odmeR BApHAIMOHHOR NpodieMH Ha xBe YACTHHE: &) ONpefesieHue ONMTH-
MAaNbHOR BEAMUMHH MORHOCTM WIM JAKOHA YMSHBIEHMA ee [0 BpeMeHM u 0) onpejeneHue
ONTHMANBHOTO 38KOHA MBMOHEHMS BEKTOPA YCKODEHMA OT PeaKTHBHON TATM BIOAL TPAGK-
TOpUK, COXPAHAETCA HEIABHCHMMO OT BUJA PYHKUMOHANGHON CBA3M MEENY MORHOC ThD
¥ ee Becou, Kak U npu auHeMHoX (YHKUMOHANBHOM CBASK OnpegeaADMUM XAA BTOpOH
3az84M ABARETCA WATErDAN OT KBAXDATA YCKODEHMA OT PEAKTUBHON TArM MO Bpe Mg Ri.
Yrasas ofmui Kpurepu#t BEOODA ONTUMANBLHON MONHOCTHM ¥ NPHMBEJIeH NpAMED XAA CIyuasg
CTeNneHHO! 3ABUCUMOCTH MexXAy MONHOCTHD M 08 BECOM. _

N.10. PaccuorpeHa o0mas 3aJava O YBMECHUM TeNa NEPeMeHHOR MACCH C 3ANAHHWM
AKTHBHHM BpeMOHEeM. DBBeZenue KaTeropuy SANAHHOIO AXIMBHOTO BPeMEeHYM NO3BOJAAET
YCTAHOBHTE KOJNMYECTBEHHHE XAPARTEPHCTHMRY XA IBMEEHUA ¢ OTPAHMYOHHHM BpeMeHeM
PAcOTH MCTOYHMKA MOMHOCTY W C ADPYTO# CTOPOHH, JAThH HEKOTOPHE KAVECTBEHHWE Bh-
BOZH, He3ABMCALME OT BHIA I'DABUTAIIMOHHOTO TIONE. BeC UCTOMMMEE HMONHOCTM Iipexno-
naraeTcd NOCTOAHHHM, MO0 ONTHMANLHOE YMOHLEEHME BECA MOMHOCTY HeSHAYMTEAbHO
yAyYNaeT XapakTePHCTUKM (CM.I1.6).

flonyyeks clrelypmue pesyAbTATH.

1%, Kak ¥ B cAyuae ONTMMANBHOTO AKTMBHOTO BPEMEHM NP ONTHMAJIBHON NpOrpa-
Me HAMpABREHVMA BEKTOPA TATH, HESARBUCHMO 0T XAPAKIEpA NMPOrPAMMUDOBAHMA pACXOza
pagouero fejna, MOQHOCTH AONXHA CHTH MAKCMMAABHO BOBMOXHOM H& BKTMBMHX YYACTRAX
TPAEKTOp MM o ’

2%, Brmpuenue YUBCTKOB C Hyne BOW TAroR B TPAGKTODMN KBMXGHMA ¢ NEPEMEHHHM
ONTAMAJIBHHM DACXOXOM YXYAWAST XApaKTePHCTMKMe KOMMYECTBOHHO® yXYAREHMe (yHIINO-
HAaNA 3axays MOEeT OHTH ONpene’eHo HA OCHOBAHMM DeBYNLTATOB PACOTH LAA SBLAHEOK
NPOAONRATEN LHOCTY NACCUBHOTO YYACTES.,

3%, Ha TPBRKTODMHM C MOCTOAHHON TATOR NpKM IAKAHUN. NECCHBHHX YYACTKOB, OTMMY~
AMX OT OMTMMAXBHHX, TAKEE MOXeT GHTh IOLCYMTAHO YXYAWEHME XADAKTeDHCTHK 3A1AYM,

40, WapecTHO, 4TO NNA CAYNAA N DEMEHROTO OMTYMANLHOIO pacxoza (CM.n.6) B-
G0p ONTEMANBHOIO pacnpere IeHUA BECA MexXIy MOLHOCTHX M 38NacOM padouero BemecT-

X/Qacrs I w0, n.I-8, cM. nornezy Ha X[ u XI Korrpeccax MAd.
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Ba #ABNAGTCA 3apavel He3aBHCHMON OT !paaxrdpuux pacueT0B; HpH NMOCTOSRHOM pac-
xore (nocroAnHOK 1676 ) TPARRTOPEAA M BECOBAd VACTH 3&4&%H ABRANTICA BRAMMOCBA-
BAHHHMH .
JAA NpMBeEHHHX B pacoTe TNpPHMEPOB pacueéToB ONTHMHM3AN MR NpoBejera He TOAb-
RO B CMNC/Ne ORTHMANLRON NMPOrpAMMH HENpaBleHHs BEKTODA TATH, HO ¥ B CMHCNE OR-
THMANBHOTO COOTHOmGHMA BECOB MCTOYHMES MORHOCTH M padovero semacCTBA. [lapawmeT-
poM, OTBeUADWHM 38 ONTHMM3AUVD BECOB LA CAyuaA NOCTOAHHOW TAru, ABAAeTCA 0T-
HODOH MO BECOBOrO DPACXORA K RAUAZLHOMY BECYe
‘B RayecTBe QYHELHOHANA NMPOGNEMH pacCMAIpHBAnach BeAYUNHA OTHOCHTENBHON
nose3HON HArpy3EM. M3yvanuch XBA Kiacca 3azaM AMHAMUEYW S fepeMemeH¥e “3 OXROH
¢URCYPOBAHHOR TOUKH ¢83I0BOTO NPOCTPAHCTBA B APYTYD ¥ HAGOp 3&J4AHHOTO MOAYNA
CROPOCTH,
MonyueHu DemeHMR XBYX 38K&T 0 LBHEGHNH B 6eCCHAOBOM NoJe. [[pOBeJEHO Cpak-
HeHve NOJNe3HHX HAFPYSOK B CAGLYDNMX CAYyH&dX: a) ZBuEKeHue C MOCTORRHOR TATOH
¥ ONTYMANLHHY MACCUBHHM YWACTEOM, B) ABURGKME C MepeMeHHM ONTHMAJIbHNM PACX0-
JOM ¥ MACCMBEHM YYACTKOM, COBNAJADIMM IO NPOROAEMTE NBHOCTH CO CNYyRaeM NOCTIOAH-
HOR TArM, C) XBWXeHWe C NEPEMEHHHM ONTUMANBHHM pacxozos 0e3 NACCHBHHX Yuact-
KOB W Z) JBMXRV® C ARTUBHHMH Bpe NEHAMH, cOoCTARJAADMMMY 3AJAHHHE YacTH 0T noi-
AEX BpeMeH MepeNemenna. :
n.1I. B cBeTe uieH d.A.langepa 00 MCNOABIOBAHMY HeHYZHHX 3JIeMEETOB KOH-
CTpyRuHy B Kawecrse padouero BemecTRA (rons¥sa) paccuarpieaeIcA 3axata o MRKCH-
yasiBbHOM HoNe3HOR HArpY3Ke NpH AKTHBHOM cOpoce ctyneHeR MCTOYRIKE MOMHOCTH
¢ 387AHHHM KODQ@umueHTOM npeBpameHud DTRADYACMHX CTyneEeR B padouee BEMECTEO.
MoAyueHH CRMofypmue pe3yNAbTaTH:
19, B xexguit MOMRHT BpeMeHM MOLHOCTDH PearTIBHOR CTPYyH (kax ¥ B chyyas mo-
CTOAHHOTO BECA KCTOVHMKA) N KOIGPHUMEHT KCTIONB30BAHUA OTOpacHBASMOR WACTH HC-
rOUSMKA MOMHOCTH B KANECTBE DPaCouero BemecIsa Jno/med GHTH WAKCIMMANERO BOJMOX-
| HEMH .
‘ 20 OnrHManpHHH 3aKOR MOMEHEHMA BOCA MCTOURNKA MOQROC TH COCTOMT K3 YYACTER
1 [10C TOARKOIO Beca&, YyJYacTKa NPOMOPHUUMOKEABHOIO W3MOREH A DBECA WCTOVHWKE X sanaca
pagouero semecrsa, ¥ YYaCTEA, HE EOTOpOM 3anac pagouero BemecTea H3PACXOR0-
| BA&H, B TAra CO3Z8€TCA TOMBKO 38 CUeT npeBpamekus OTOpACuBAeMOf YACTH HCTIOUHU-
Ka MOWHOCTW B pacdoyee BenECTBO.
‘ ' 30, (nrumendHull 3AKOR YCKRODEHW OT TATH, KAK ¥ B ne.l,6, ROJNEEH OCECREUH-
BATH MWHMMYM MRTErpana OT KBARDATA 3TOTO YCKOPEHNA .
| 4%, ARTUBHH{ COPOC MOLHOCTH JAeT cymecTBEHHHN BHMIpHE B nosie 3HO# HATPY3IRE_
50, K npeneibHLN 3HAUCHWAM TIONEIHOR HATDY3KK, COOTBETCTBYDIUM HENpEDPHBHO-
Uy yMOEBUGHM/D BECA HCTOVHKKA MOMEOCTH, MOXHO NMPMOAMIXTBCA NMpK KOHEUROM cpaB-
UMTeNbEO HEeGONBIOM WYMCAEe COKIMH HCTOUHMKA.
| N, 12, [IPOMSBOEMICA MOCTPOEHNR ONTHMARBHON, € YYeTOM KOppeKiiuu, nporpam-
\ MW JCKOpEHMA OT PEAKTHBHOR TAI'W, o6e CTie N Banme MAKCMMYM OCDOIHMERHOR NOJe3HOR
Harpysky Npy XBHXGRWM Téna nepeMeRHOR MACCH C [IOC TOABHOY 367PATOR MOMHOCTH.
\ MpeARORAranTCA K3 BECTHHMA ROppe AU MORHAA (YRKLUAA caydaliux OTKAOKeHHA OT Npo-
| IpAMME MOTODHOrO YCKODEHHA H JucMepCHM OMMOOK W3MepeHul NOJLOXeHUA ¥ CKOPOCTH
Ten8, ONTMMANBHNE TOMPABKM K NPOrpaMMa MOTODHOFO YCKOpeRua BEOMDEDYCH H3
i ' YCAOBUA MUEVMYMEB WHTErpaia 0T KBALPATA YCKOpEHMA NpY ABMESHKM OT W3MEePOHHOTO
~
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AORONSHMA N0 3AXAHHOTO KOHEYHOr0 NONOREEMA 38 OCTABUMICA NPOMEXYTOE BPOMIRH,
llocre aroro 3ajava CBOEMTCA K BHOODY TAKOrO pacnpeiesieHis MOMEHTOB KODpe KIuu
(MoMEHTOD MEDECTPOHRK NMPOrpaMMH YCKOPHMA ), M TAKOTO WX uMCha, EoTOpHe odecns-
YUAM OH MEHUMYM OCPEXHONHOM BeNWUWHH NMPUPANORMA MHTErDAAA OT KBAJPATA MOTOD-
HOTO YCKODSHAA MDH YCNO0BMM nonaxannu TpPEEeRTOPMM B 3ANAHHYD 00/acTh KOHEUHHX.
- BHAVMOHHA.

Ha npuMmepe XEWZeHMA B OSCCHAOBOM NMOJe LAH CHELMANBHOTO BUZA KOPDS XAl MOH-
HOR tpyﬂmzm OTKJOHEHMN OT NpOrpaMNH MOTOPDROTC YCEODOHHMA MORA3ANO, UTO:

1% B Caydae TOVRHX M3MeDeHyfl METeDBAAH MEXTY MOMOHTAMM KODPeRNMM 06pasynt
reoMeTPHYOCEYD MPOrpecciy, YMeHbHAACH K KOHIY NBHMXOHMWA.

20, Jna TOYHHX M3MODEHUM He CYWECTBYST ONTUMAXLHOI'G YNC/& MOMSHTOB KO-
PeKUNM ~- Mpupamenve (QYHEIMOHBAA YMEHBLLAGTCA C YBEAWYEHWEM uucIa MOMEHTOB KOp-
PeELMA. '

3%, [py HARWMYKRHM IABHCUMOCTY IUCHEPCKN OMUCOR ¥3Mepenuit 0T uHTepBANE MBEXY
MOMOHTOMY KODPORUME XOJXHO CYMEeCTBOBATH ONTHMAABHOE YUCJNO MOMDHTOB KODpeRI[HH.
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"I o
ON THE MOTION OF A BODY OF VARIABIE MASS WITH
CONSTANT AND DBCREASING POWER CONSUMPT ION
IN A GRAVIATIONAL FIELD, PART III.$)'

By Grodgovsky G.L., Ivanov I.N., and
Tokarev V.V,

- ' Summary

Section 9. The problem of the motlon parameters optimigation of a body )
of variable mass with ljmited power consumpticn for the case of non-linear ;
depehdence of the power source weight on the power value is consldered, As
in the case of linear dependence the genmeral vuriational problem is divided
into two purticular prodlems: a) the definition of the optimum power value
or the law of its time decrease and b) the formulation of the optimun: law
of the thrust acceleration vector vuriution along a trajectory. It 1s found
that this division 1s kept independent of the kind of functlional relations
between power and power source weight. As well os in the case of linear
functional relation the time integral of the square thrust acceleration is
used as a basic parameter for the second problem. A general criterion for
optimum power choice is found and an example of power dependence between the
power value and the power source weight is given.

Section 10. The general problem of the motion of & variable mass body !
with prescribed sctive time- (power-on time)is considered. On the one hand,
the introduction of the category of the prescribed active time ellows deter-
mining the quantitative characteristics of motion with limited life time of
the power source ard, on the other hand, 1t allows obtaining some qualitative
results incependent of the kind of a gravitational field. ¥he power source
weight 1s assumed to be constant since optimum decrease in the power source
weight impiroves the characteristics omly to a small degree (see Section &).

The followirg results were obtained:

1°. As well as in the case of optimum active time for the optimum !
program of the thrust vector direction, independent of the propellant con- :
sumption program, power should be as maximum as possible on the power-on '
phase of the flight path. '

2%, When the flight path with variable optimum propellant consumption
includes null-thrust phases, the paresmeters ot motlon are deteriorated. The
quantitative increase in the functional of the problem for the glven power-
off phuse may be obtalned on the basis of the results of this report. .

3°, The deterioration of the charactéristics may be also calculated i
along the constant thrust trajectory with given power off phases different
from optimum ones.

-

x) See Part I und Part 1I, Sections 1-8 (The reports at the XII-th Congress
and at the XIII-th Congress of IAF).
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4%, It 18 kmown that in the case of a variable optimum propellant con-
sumption (see Section 6) the choice of the optimum weight breakdown between
the power source and the propellant storage 1z independent of the trajeoctory
analysis; with the constant propellant consumption (constant thrust) the
trajectory and the weight parts of the problem are interconnected. For the
analysis examples given here optimiszation was used not only for the thrust
vector direction optimum program dbut also for the power source and propellant
optimum welght ratios. Weight rate-initial weight ratio is assumed to be an
optimization paresmeter for thie case of oonstant thrust. The relative payload
was taken as the functional of the problem. Two problems of dynamics were
considered: the motion between two presoribed points with given velocities
and the attainment of the given velocity. Two problems of the body motion in
a forceless field ware solved. Payloads are compared in the following cases:
a) motion with constant thrust along the optimum power-off phase; b) motion
with variable optimum propellant consumption along the power-off phase during
the interval of time equal to that of the conatunt thrust phuse; c¢) motion
with variable optimum propellant consumption without power—off phases;
d¢) motion along the power-on phases of a trajectory when the interval of
motion time élong these phases 18 a given part of the total motion %time.

Section 11, In the light of Zandert*s ideas about using unnecessary
items of structure as propellant we consider the problem of obtaining maximum
payload at the active consumption of the used power source stages with a
given factor of conversion of the used stuges into propellant,

-The resuits were as-follows: ‘

1°, At each instant of time the Jet power (as in the case of constant
power source weight) and the factor of conversion of the used stages into
propellant should be as maximum as possible.

2°. The optimum curve of the power source welght variation consists of:
the phase of constunt weight; the phase of the power source welght and pro-
pellant storage proportional change; and the burnt-out phase where the thrust
1s ginerated by using as propellant the stages to be ejected.

3%, The optimum law of thrust acceleration as well as in Sections 1
and ‘6, should provide a minimum integral of the square acceleration.

4%, Active reduction in the power source weight ylelds an essential
gain in the payload, -

5%, Limit values of payload, corresponding to a continuous reduction
in the power sourge weight may be approached, when this source of power has
a relatively small finite number of sections.

Section 12. An optimal corrected thrust-acceleration program which
glves & maximum value of the averaged paylomd in the case of the motion of
a variable mass body with a constant power consumption is determined. A cor-
relation function of occasional deflection from the thrust-acceleration
program, and the dispersion of the measurement errors of the body attitude
and velocity are assumed familiar. The optimum corrections to the thrust--
acceleration program are chosen under the condition of a minimum integral of
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[$1]

the square acceleration in case of motion from & measurement point to & given
final point during the remaining period of time. Then the problem 1is reduced
to the choice of such a distribution of the correction moments (the moments
of redetermination of the moseleratlion program) and such a number of them,
which should give a minimum averaged value of the 1ntegra1 inorement of the
square thrust acceleration provided that the trajeotory is put 1nto the. given
range of finite values.

i By the example of the motion in & forceless field for a particular form
of correlation function of the defleotion from the thrust ‘aoceleration ' i
program it is shown that:

1°, In case of preoise measurements the intervals between the dorreoc-
tion moments form & geometrioal progression and deorease to the end of the
motlon, . ) :
2%, For the precise measurements there is no optimal number of the cor-
reotion moments, the increment of the funotional being reduced with ‘the
number of the correction moments increasing.

3°, When there is dependence of the measurement error disperaion'on
the interval between the correction moments there muat be an optimum number
of the correction moments.
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SUR IR MOUVEMENT D'UN CORPS VARIABIE AVEC LA‘DEPEHSE
CONSTANTE ET DIMINUEE DE LA PUISSANCE DANS LE CHAMPS
: DE GRAVITATION, PARTIE III.*

Par Grodzovsky G.L.; Ivanov I.N.,
Tokarév Y.V,

P.9. Ici on envisage le probleme de 1'optimisstion des parandtres du
mouvement d'un corps de la masse varigble avec la dépense limitte de la
pulssance dans la dépendance 1nélinbaire du poids de la source de la puissance
de la grandeur de la pulssance. On a &tabli que la propribté importante c'est
4 dire la division d'un probléme de variation gén&ral sur deux particuliers:

a) détermination de la grandeur optimum de la pulssance on de la loi de sa
diminution dans le temps et b) détermination de la 101 optimum de la vari~

: ation du vectour de l'acoblération allant de la poussd de réaction le long

* de la trajectoire - ‘est gardée independamment de la forme de la dépendance

' fonotionnele entre la puissance et son poids. L'integral d'un carrs de 1'acce-
leration de la poussbe de temps est génbral pour le deuxidme probléme, comme
pendant la dépendance fonotionnele linéaire. On a montré le oriterium global
du choix de la pulssance optimum, on a donn& une exemple pour le cas de la
dépendance de degré entre la puissance et son poids,

P.10. le probldme global du mouvement d*un corps de masse variable avec
le temps actif donné (avec la propulsion effective) est montré 1oi. L'intro--
duction de la catégorie du temps actif donné permet définir des paramdtres
quantitativfs du mouvement avec le temps limité de 1'efficacité de la pro-
pulsion et donner aussi des résultats certains gualitatifs, 1ndependan£
d'une forme du chaﬁpa de gravitation., lLe poids de la propulsion doit etre
constant car la diminution optimum du poids de la source de la pulssance
amkliore peu les caractéristiques.

On a regu des résultats suivants:

1. Comme en cas du temps optimum actif en programme optimum de la direc—
tion du vecteur de la poussbe la pulssance doit etre maximum possible dans
les regions actives de la trajectolre independamment du caractére de la
programmle de la depense du combustible.

2. les caracteristiques du mouvement changent en mal dans les regions
avec la poussée zero sur la trajectoire avec la dépense optimum varliable.
_Ainai, l'aceroissement du fonotionnal en venu de probléme peut etre determiné
pour la continuation donnée de la région passive en fonction des resultats
du ce travil.

3. la déteriorstion des caracteristiques du probleme a lieu sur la
trajectoire avec la poussée continue dans les régions passives,

¢

x)
Parties I et II p. 1-8 Regardez les rapports faits aux XII et XIII ocongress

de IAF.
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4., Il est certain que en cas de la dépense optimumnvariablg'le choix de
1a correlation du poids enire la pulssance et la réserve du combustible est
le probleme independant des calouls de_traJeotoire; pendant la poussée con-
stente les problemes de la determination de 1a trajectoire du poids sont
réoiproguement 11és.

Pour les exemples des calouls donnés dans cette oeuvre la programme
optimum de la direction du vecteur de la poussée et la relation optimum des
polds de.la source de la puiasancé et du combustible sont optimisées. le
paramétre (qui repond pour 1'optimisation des poids pendant la poussée con-
stante) est la relation de la depense du poids vers le polds original.

En role du fonctionnal du probleme on envisage la grandeur de la charge
relative utile. On a ttudid deux problemes de la dynamique: la déplucement
d*un point de fixation de 1'espace de phase en autre et aoquisition du module
donné de la vitesse. On a regu des resolutions de deux probleme du mouvement
dans le champs sane force., On a comparé les charges utiles aux cas sulvants:

a) le mouvement avec la poussée constante et avec la region optimum
passive. : '

b) le mouvement avec la depense optimum et aveo la region passive dont
1a durbe coinside avec la poussée constante. : .

¢) le mouvement avec la dépense optimum variable sans les reglons
passives et :

d4) le mouvement aves les régions actives dont le temps sommaire composé
les parties données des temps complets du transferement.

P.11. Dans la lumidte des idées de F.A. Zandere sur 1tutilisabilité
des 616ments inutils de 1la construction en qualité du combustible on con-
siddre le probléme de la charge maximum penidant la dépense active des &tages
de la source de la puissanoeravec le coefficient donn$ de lu conversion des
etages débrayant dans le combustible.

0n a requ les résultats sulvants:

1. A tout le temps la puissancé du jet (comme en cas du poids constant
de 1a source) et le coefficlent de 1'utilisabilité de la partie débrayante
de la source de la puissance en qualité du combustible doivent 8tre possibles
maxima.

2. 1a lol optimum du changement du poids de lu source de 1a huiséanue 8¢
compose de la région du poids constant, de la region du changement propor-
tionnel de la sourceé .et du reserve du combustible et de la région ou ie
réserve du combustible est dépensé et la pousste gst crbe par la conversion
de la partle débrayant de la source de la puissance en combustible.

3. la loi optimum de 1'accélération de la poussée (comme aux points 1,6)
doit munir le minimum de 1'integral de temp de cette accblérations carrée.

4. L'utilissbilité active de la puissance donne les avantages conside-
derables dans la charge utile. Quand on aura enfine un nombre relativement
petit des sections de la scurce de la pulssance on pourra s'approcher des
valeurs maxima de la charge utlle qui gorrespondent a la diminution continue
du poids de la source de la puissance.

|
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P.12. On falt une 6dification du programme optimum compte tenu de 1la
correction d'accélération de la poussée fournissant l¢ muximum de lu charge
utile moyenne au cus du mouvement du corps de la masse variable avec la
dépense de lu puissance constante, On suppose, qu'on sait la fonotion corre-
lative des déflextions hasurds du progrumme d'accélération de la poussée
et les dispersions des fautes de la mesure de la situation et de la vitesse,
s corrections optima et le programme dtaccblération de la poussée sont
chalsis de 1a condition de minimum d'integral d'accélération ocu~vbe au oas
du mouvement de lo position mésurte A'la position donnée finale dans le
temps resté. Apréds cela le probldme est ramend au choix d'une distribution |
détinie des moments correctifs (o'est & dire les momeata qui regonstrulssent
les progremmes d'accélération) et du lour nombre. I1 fault que ce choix
fournirait le minimum de 14 valeur moyenne d'augmentation de l'integral
d'accklération currf de la poussBe A condition d'un coup de la traJeotoire
en domaine donné des significations finis.

) Par une exemple du mouvement dans le champ sans forces pour 1° aspeot
spécial de la fonction correlative du rejet du programme d'accblération
de la poussée que:

1. Au cas des mesures precises les lntervalles forment la pProgression
.géométrique entre les moments de la correction. Ceux—ci diminuent 4 la fin
du mouvement. .

2. Pour les mesures preoises il n'y a paa du nombre optimum dea moments
de correction. L'mocrolssement du fonctionnal diminue avec 1! augmentation du
nombre des moments de correction.

J. Au cas d'existence de lu dépendance des disperslons des errsurs en.
mesures d'un intervalle entre les moments des oorractions le nombre optimum
des moments de la correction doit exister,
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UBER DIE BEWEGUNG EINES KORPERS VERANDERLICHER

|
MASSE MIT KONSTANTEM UND VERMINDERNDEM LEISTUNGSAUFWAND l
IM GRAVIATIONSFRLD i

|

4

Grodgowsky G.L., Ivanow J.N., Tokarew W.W.
(1 end 2 Teile §§ 1-8 Siehe Vortrige , gehalten auf
den 12 and 13 Tagungen der IAF)

Zusammenfassung

§-9, Es wird die Aufgabe liber die Optimisierung der Parameter der
Bewegung eines Kdrpers verinderlicher Masse mit dem begrengten Ieistungsauf-
wand bei der nichtlinesren Abhlinglgkeit des Gewichis eines Antriebssystems
von der leistung betrachtet.

Es 1st festgestellt, dass dte Einteilung des GesamtVariationaproblems
in gzwel Teile:

a) Bestimmung der optimalen Ieistung oder des Gesetzes ihrer Verminder-
ung in Abhdngingkelt von der Zeit ind

b) Bestimmung des optimalen Gesetzes der Verhnderung des Beachleunigungs—
vektors in Abh#ngigkeit vom Schub lings der Flugbahn

"~ sich unabhiinglg von der Art des Funktionalzusammenhangs zwisohen der
Leistung und dem Antriebssystems gewicht erhllt.

. Wie bel der linearen Funktionalabhingigkeit ist das Zeitintegral des
Beschleunigungsquadrats des Strahlschubs fiir das zweite Problem massgebend.

Bs ist das allgemeine Kriterium der Auswahl der optimalen lLeistung
angewiesen und ein Beisplel fur den Fall des Potenzsatzes mwlschen der
Leistung und dem Gewicht angefilhrt.

§-10, Es ist die allgemeine Aufgabe {iber die Bewegung des Kdrpers
vertinderlicher Masse mit der vorgegebenen Flugdauer auf der Antriebsbahn
betrachtet,

Dle Einfihrung der Kategorie der vorgegebenen Flugdauer fir die Phase
der Antriebsbahn lisst, einerseits, die Qualitdtsparameter der Bewegung mit
der begrenzten Arbeitsfrist der Antriebsenergiequelle bestimmen und,
and-ererseits, einige Quantitdtsergebnisse erhalten die von der Art des
Gravitationsfelds unubhéngig ‘sind. )

Das Gewicht des Antriebssystems wird konstant angenommen well die
optimale Verminderung des Gewichts der Antrlebsenergiequglle die Charaketrils-—
tiken der Bewegung unbedeutend verbessert (siehe §-6).

Ps sind folgende Ergebnisse erhalten:

N 1. Wie im Falle der optimalen Flugdauer fUr die Phase der Antriebsbahn
85011 bel dem optimalen Programm der Schubvektorsrichtung die Leistung den
grosstmoglichen Wert auf der Aniriebsbahn erhalten (unabhénglg von der Art
der Programmierung des Treibstoffverbrauchs),

N 2. Dle Einfilhrung der Phasen mit dem Nullschub in die Flugbahn mit '
dem vertinderlichen optimalen Treibstoff-Verbrauch verschiechtert die Charak-
teristiken der Bewegung. i - S
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Die Vergrsserung des Funktionals der Aufgabe kann (auf Grund der
Brgebnisse dlieser Arbeit) filr die gegebene Dauver des antriebslosen Fluges
bestimmt sein. .

N 3, Fiir die Flugbahn mit konstantem Sochub bel den gegebenen antriebslo-
sen Babnabschnitten, die sich von den optimalen unterscheiden, kann man auch
die Verachlechterung der Charakteristiken der Aufgabe berechnen.

$~4. Es ist bekanni, dass fir den Fall des verdnderlicher optimalen
Treibstoffverbrauchs die Auswahl der optimalen (ewichteverteilung ewischen
der leistung und dem Treibstoffvorrat auf die Aufgabe zurlickguflhren ist,
die von der Flugbahnbereochnung unabhlingig ist; bei konstantem Verbrauch
(xonstantem Schub) sind zweivTeiaufgahen: Flugbahn und Gewichtsberechnung
in Zusammenhang zu behandeln.

Fir die in der Arbeit angeflihrten Berechnungsbuispiele ist die Optimi-
slerung nicht nur fur das Optimalprogrumm der Schubvektursrichtung, sondern
auch fiir das optimale Antriebsenergiequellen~-Treibstoffagewichts~Verhaltnis
durchgefiihrt.

Als Parameter fir die Optimisterung der Gewichte beim konstuntsn Schub
ist das Verhdiltnis des Massenverbrauchs zum Anfangsgewicht massgebend.

Als Funktional der Aiufgabe wurde der Relativwert der Nutgzlast betrachtet.
Es wurden zwei Aufgaben der Dynamik untersucht: die Bewegung aus einem
bestimmten Punkt des Fhasenraumes in den anderen und die Auswahl des vorgege -
benen Geschwindigkeitsmoduls. Es sind zwei Aufgaben iiber die Bewsgung im
kraftlosen Feld geldst. Es wurde ein Vergleich der Nutzlasten fiir folgende
Fille durchgefilhrt: a) die Bewegung mit konotantem Schub und fiir optimalen
autriedbslosen Flugbahnabschnitt,

b) die Bewegung-mit verkinderlichem optimal em Massen verdrauch und fir
antriebslosen Flugabschnitt, der scienem Dauver nach mit der Flugdouer mit
konstantem Schub Ubereinstimmt,

c) die Dewepung mit verHnderlichem Optimalverbrauch ohne antriebslose
Bahnabachnitte,

4) die Bewegung mit gegebener Flugdauer fUr die Phase der Antriebsbahn,
wobei die Flugdauer angegebene Telle der Gesamten Flugdauer bildet.

§~11. Im Lichte von Zander's F.A. ldeen liber die Ausnutzung von unntti-
gen Dauteilen als Treibstoff wird die Aufgabe tlber die maximale Mitzlast bel
aktivem Verbrauch der Antriebsenergiequellenstufen mit vorgegebenem Koeffi-
zlenten der Ausnutzung der verbrauchten Stufen 4ls Trelbstoff behandelt.

Es sind folgende Ergebnisse erhalten:

1. In Jedem Zeitintervul sollen die Struhlleistung (wie auch beim konstan-
ten Gewicht der intriebsenergiequelle) und der Koeffizient der fusnutgzung
der verbrauchten /ntriebsenergiequellenstufen als Trelbstoff den grisstmi-
glichen Viert orhalten.

2. Die optimule Kurve der Verlnderunp des Gewichts der Antriebsencrgi-
equelle besisht uus dem Abschnitt konstunten Gewichts, dem Abschnitt propor-
tionaler Vertnderung zwischen dem Antriebsenergiequellengewicht und dem
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Treibstoffvorras und dem Abschnitt,‘auf dem der Treibstoffvorrat verbraucht
i1st und der Bchub nur durch die Verwandlung der verbrauchten Antriebsener-
giequellenstufen in Treibstoff erszeugt wird.

3. Das optimale Gesete der Schubbeschleunigung, wie in Paragraphen 1,6 ,
soll das Minimum des Zeitintegrals der Quadratbeschleunigung gewdhrleisten. :

4, Der uktive Verbrauch der Antriebsenergiequellenstufen garantiert den
wesentlichen Geweinn. in-Nutzlast. - ) |

5., Der Grenzwert der Nutglast, welcher der kontinuierlichen Verminderung '
des Antriebsenergiequelléngewichts entspriocht, kann angendhert bei Verwendung
von endlicher reiativ kleiner Zahl der inergiequellenstufen erhalten werden.

§-12. Bs ist ein mit Beriicksichtigung der Korrektion optimales Schubbesch+
leunigungsprogramm aufgestellt, das dep Hbchstwert der mittleren Nutzlast bei
Bewegung des Kirpers vertinderiicher Masse mit konstuntem Leistungsaufwand
gewidhrleistet. Es wird angenommeén, dass die Korrelaticnsfunktion der zufBlli~
gen Abweichungen vom Schubbeschleunigungsprogramm und die Fehlerzerstreuung
bei Measung der Position und Geschwindigkeit des Korpers hekannt sind.

Die optimalen Korrektionen und dus Programm der Schubbesochleunigung
werden aus der Bedingung des Integrals-minimums vom Beschleunigungsquadrat
bei Bewegung aus gemessener Position in vorgegebene endliche Poaitilon whhrend
des Zeitrestintervals ausgewihlt.

Danaoh wird die Aufgabe auf die Auswahl solcher Korrektionsmoment-Vertel-
lung (Momente der Verdnderung des Beschleunigungsprogramms) und solcher
Korrektionsmomentzahl gurlickgefihrt, die das Minimum des Mittelwertes des
Inkrements des Integrals vom Quadrat der Schubsbeschleunigung garantieren

"xdnnten, unter der Bedingung, dass die Bahn ins vorgegebene Gebieﬁ endlicher
Werte gelangt.

Es ist an einem Beisplel der Dewegung im kraftlosen Feld fiir die
spezielle Form der Korrelationsfunktion der Abweichungen vom Schubbesch-—
leunigungsprogramn gezeigt, dass . '

1. bel genauen Messungen dile Korrektionamomentintervalle die. geometrische
Progression bilden, woBel diese Intervulle zum Ende der Bewegung klrzer '
werden; '

2, es fUr genaue Messungen keine optimale Korrektionsmomentzahl gibt,
und das F_‘u.nktionul— Inkrement 'mit der Vergrtsserung der Korrektionsmomentanzahl !
abnimmt ; '

3. bel Nestehen der Abhéngigkeit der Mossfehler~Zerstreuung vom
Korrektionsmoment-Intervall die optimale Korrektionsmoment-anzahl vorhanden 1
sein scll.

- PR
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A FEW PROBLELS OF PHYSIOLOGY OF

CGIRCULATION DURIKG “WEIUHILEISSNESS
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Responses of the cardiovasculer system to the action
of woightlessness are of phasic character. Three phases
arc distinguished: itransivion phasc,. phage of incomplete
adaptation end phase of relatively stable adaptation.

Changes in the funciional state of the cardiovascu-

lar system arc presumably brought about by: :

- decrzage in the muscular activity during woight-
lceaness; _

- change in the nervous regulation of the circulatory
system, in particular by relatively increased
influcnce of the vagus systein;

- dcvclopment of asynchronisn greater than on the
carth in the action of the wright and left parto
of the heart. ' ‘

maintenance of en adequate functional level in the

circulatory system is very important to agsure good perform-
ing ability of space pilots during a prolonged flight and

to provide their salfe return under conditions of ncrmal
gravitaticn, Investigatiéns of this problem-is of great
practicsl significance for aatronautics,
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Amonz space flight factors, weightlegsness ig of
particular intercet, Unfortunately, experiments with water
imcraion or prolonged hypokincsie provide very indirect
dats for the study of various cffecis of weighilessness
upon living organisms. Thercfore, biomedicel experihents

L34

v carried out on spaceships are of great interest, firat of
811 for investigatinz physiological aspects of weighiless-
necs.,

Theoretical exemination of nossible physiological
shifte during wsightlessness gu-gest regulatory rcspoinsSce
of various origin and cheracter aimed at the adaptation

- of the organism to the now rhysical environmental condi-
tions.

gince the muscular system ought to make legss of an
effort to perform the same job under welpghtlessness as
compared to that on the ground, tic general level of neta-
bolism during weightlessness cun be cxpected to be reduced.
Tn ite turn, the reduced =ncrgy requiremsnts will aifect
the activity of the cardiovagecular pystem inasmuch ag the
reduced oxyzen reguirements of tissues of the living organ-
ism will bring sbout a decrease in the minute volume and
othep circulatory parameters (13, 17). _

On the other hand, changes in the relstionships bet
ween afferent systems, particularly changes in pulsation
from proprioceptor muscles and receptor zones of ths vesti-
bular apperatus, ought beyond doubt to efrect the nervous
regulation of the cardiovascular svstem, Thereiore, afferent
changes can also account for a nuanber of shifts in the
functional state of cardiovesgcular systcit under weightvloas

’ conditions (7, 9).
And finally, the cmotional avress accompanying space
' flight should also be taken into account, Thig factor can

evert an esasentisl effect on the activity of higher vegeta-

W

tive centers and thus on the circulatory rcgulation,
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In summing up, three main theorcticelly possible
reasons accounting for changes in the circulatory system
during orbital spuce flight can be indicated: 1) general
decrease of energy requirements of the organism, 2) changes
in the nervous regulation (afferentation), and 3) emotion-
al stress. It iy possidble that somc other reasons will be
disclosed in the future but todesy discussion of cxperi-
mental data can be done only cn the besis of the above
statements.

Soviet biomedical investigstions in outer space have
provided ample experimental information on the gignificance
of the éirculatory system in the responscs of living
organism to unusual weightless conditions (2, 12, 14).

The present communication is an attompt to systematize -
the data cbtained and to outline further investigations
with the purpose of iiluminating the role of the circula-
tory system in the organism adapta vtion to the weightless
statz, It ic understood that critical study of the concep-
tions prescnted will be the source of new ideas and exvperi-
ments in this field.

izethods

Investigations were carried out on board Soviet
space ship-satellites 2 and 5 and spaceships “"Vostok".
The following cardiological methods were cmployed: clectro=-
caxdiography, phonocardiography, seismocardiography, kineto~
cardiography, sphygmography and arterial oscillography
(., 3, 4, 5). iiodifications of & number of previously
known ¢linical methods as well ag the development of new
ones became necessary for space flight condifions. Selsmo-
cardiography is, in particular, a new variecty of ballisto-
cardiography. It was uged for the first time in outer mpace
jnvestigations and will cvidently find further extensive
and successful employmcnt in medicine, The amplitude and
duration of systolic and disstelic cycles of a scismo-
cardiogram indircctly reflect the state of the nyocard131
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contractile function. ¥ith the purpose of & more economic
usage of tclometric channels & method of “integral" phono-
cerdiocgrephy was developed, the method involving detection
and integration of output signals, In order to sccure

A
prolenged and qualitative rccordings of ECG undcr space
o flight conditions gpecial ways of arranging of biopotential

jeads and mcthods of long-term clectrode fixation were
claborated.
Results

Experimental data arc cummerized in Tables 1, 2 and
3, The material given shows & certain dynamics in the
indices of cardisc activity. After being sharply elevated
‘at the action phasé of thne flight the pulsc rate returns
te normal during the initial period of weightlessnegs,
ohe normalization cf pulsce raté iz of individual character
but in all case it takes place considerably more slowly
than afiter laboratory contriiugoe runs.
Three ways of pulsc rate normalization can be dis-
tinguiched in dogs: 1) slow normaligation - Lushka;
2) rapid normalization with the development of relative
bradycardia - Strelka, Pchyolka; 3) rapid normalization
without accompanying bradgcardia - Belka. Similar changes
were obgorved in the cosmonauts, However, it is really
difficult to give a correct estimation of the degrec of
the reaction in humnn subjects because cf differences in
tho emgtional atatus. ¢.S5. Titov revealed the slowest nulae
rate normelization. In $he course of many-day woightless
stats the dynamics of pulse rate appcared to be related
4o the diurnal cycle. In addition tc that, on the morning
: of the first 2 cr 3 days tachycardiz was ovservod, being
mostly pronounced in V.V. Teroshiova. It should also be
noted that during the night sleep almost all cosenauts

-y

showed a lower pulse rate than during laboratory space
flight simulatior experinents.
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Special atitention was paid to veriations in pulse

' ‘. rate. In the nora, dogs are known to show o distinct
arhythmia which amounts tc 0.8 soc (i.e. the difforsnoec

W/ botween the maximal and minimal values of the duration in
+ .o cardizc cyele). Greater requirements being mads to the

- anirculatory system, tho pulse arh thmia decrcages or even

digappears. The similar nizturc can be obscrved upbn the
action of overloads au the active ospan of the flignt.
Under weightlcss conditions arhythmie is quickly reatored
and reachos valuce cxcceding thcse achieved on earth., As
knéwn, pcople do not roveal a distinct puls- arhytimia
under normal conditions. Thc difference in the duration of
the cardiac'cycle doen not usually cxcecd 0.20 to 25 gec
under rcst conditions. During space flizht the cosmonsuts
showed gonsiderably greater difference in the duration of
cerdiac cycles amounting to 0.5 to 0.7 acc.

Pfhe auriculo-ventricular condustion time during
weightleassness cen be both shorter (the dog Belka) and
longer (the dog Pehyolka) ag compared to that of pre-
launch. ;.ushka retained the pre-launch value. As fo Strellka,
its conduction timc wes somewhnt longer in the firgt half
of tue flight and shortcr in the second one. The auricul0-
ventricular conduction timc s:own by thc cosmenauts was
moderatcly lonzer than on the earth. The diurnal chonges
aaseciated with the index were of intercat. In the merning
it was shorter in V.rF, Bykovsky and V.V. Tercshkova, witlle

| ' 11 was eomperatively longer in A.G. Nikelayev and P.R. Fo-
4 povich.
Intraventricular conduction during veightlesoness

| W s . N ' . . .
| B exhibits no noticeable changes cither in human gubjecto
or in aniwmelsn,

The duration of clectric gystole after reduction at

_the active Tlight span comparatively incrcascs during the
r’l"‘

initial poeriod of weightlesuness. By the cad of the firms
24 hours of flizht the duration of the clectric systole in
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enimals becomes somewhat shorter than before take-off while
W " 'in people it becomes gomewhat longer. Thercby the syatole
appears shorter in the morning. Great importance is attach-
cd to the systolic index, i.e. the ratio of the duration
- ol the electric systole to that of the cardiac cycle (11).
' The systolic cycle in animals during weightlcssness appears
‘ od moderztely shorter than on the ground. As to cosmonauts,
their systolic index changed differently. In the morning
A.G. Nikolayev, P.R. Fopcvich and V.V. Tereshkova showed
itc increcase waile V.,F. Bykovsky, on the contrary, showed
ite deccrcase,
The duration of mechunical gystole was debtcrmined by

means of phono- and kinetocerdiograms. In gencral, the dura-
tion of thc mechanical systolce decreased at the beginning
of orbital flight, then it increaped and finally, by the
end of the first 24 hours it fell below initial valucs, Of
inierést ig the ratio of thc durations of the mechenical .
and clectricel systoles (mechenoeclectrical coefficient - K).
, The data prcsented show that changes in tae mechanical ays-
' tole arc morc pronounced in comparison to tae clectrical
one. Thereforc the K-coefficient is relatively shorter dur-
ing long-tcrm action of weightlessness than at the onset
of the orbital flight.
Flectromechenical delay (i.c. the lapse of time bet-
ween thc ECG G§-wave and the onset of the mechanical cy@tole)
s as derived from kinetrocardiographic studies made during
G.5. Titov's flight, sharply cxtends after 5 to 8 hour atay
under weightless conditlons.,

. Arterial blood pressurc wags taken under agtudy during
the dog Strelka's flight. Arterinl pressure changes during
weightlessness in the followirg way. At this initiel period
a2 twofold rcaction can be observed: the systiclic pressure
falls by 50 to 80 mm. Hg ag compared to that at the active
phase of thc flight and by 35 to 30 mm Hg as compared 1o
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pre-launch values. Yhen © certain rise in the moximal pres-
culr¢ taken plece, thougii it does not reach pre-~launch values
it is asccompanied by thc reduction of diastolic and cloeva-

tion of pulse prescurec. Boginnins with the sccond circuit
.« 1.5 to 2 hours uftar

o

(rcvolutlon around the carth), 1.
lavnching, ctable hypotenia can be obsgerved. dHaximal nrese
gure appoars to be 40 to 50 wm. Hg lower than durlng tae
pre~launch period. After the sixth circuit the precsurc
bugins to rise roaching the velues obgerved at the active
span., From the thirtcenth circuit up to tae onset of descent
tae moximel pregsurc waa steedily 10 %o 30 mm. Hg below

the initial one. Diastolic pressurce wag also lower than tie
initial one¢ whilc tho pulse pressurc remained closce to the
initial one.

The contractile ability of ayocerdium could be studi-
ed in our experimerts in an indircet way only. Important
data were provided by scismocardiogram, particularly by toc
first cycle where tie amplitude was proportional to the

cardiac output. As indicated in Table 2, during weightless-
neaa the animal showed an abgolute and relative increasc
of the firot cycle of scismocardiogram. It can bc besi zocn
bezinning from the seventh circuit. Seismocardiograpnic in-
vestigations carried out onboard spaceshlips “Vostok' also
disclosed an initial relative risc in tuc first cycle of
scismocardiogram. iowever, after 2 to 3 day stay in welzht-
lcaancess the difference between the amplitudes of tha first
and second cycles leosens, It moy be associated witia the
bsolute increase in tliec wmplitude ¢of the second cycle wiich
mainly repulsce the "revoerascet aydraulic flow of the blood.
Tac amplitude of the geeond cyelo dcpends on clastic pro-
perties of larzc vegsels and thag level of arterial pressure.
In tiis connection it iz interesting to mention the phano-
rienon observed during V.V. dcreshkova’s flisht, By the end
of the flight the third cycle of seismocardiogrem appecred
ard was noticed for a few scconds. fccording te ECG no
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changes in auvomatism, excitability or conduction were
cbserved., Thus, the appearance of thc third cycle 1s appar-

g ~ ently connccted with the changes in intracardiac hemodyna-
mics. The third cycle may be brought about by an extromely

L} . 0 . . 3 I3

3 intenaive filling of ventricles ot the diastolic phase.

Coordination of cardiac contractions is an important

sign characterizing the functional ctate of myocardium. As
known, the zetion of the right and lcft parts of the heart
iz in the norm strictly determined in volume and time. Even
smell disorders in the correlation lead to changes in the
duration of seismocardiographic cyeles, &g well as in the
intensity and duration of phonocardiogrephic tones. As
; indicated in Table 2 the animcls chow: 1) increased intens
| sity of the first tone of phonocardiogram at the sixth or
‘ geventh circuit (the dog Belka); 2) increoased intensity and
) duration of the second tone of phonocurdiogram; 3) initial
reduction {(at the sccond or third circuii) with the further
stable extension of the first cyele of scismocardiograin.
According to seismocardiographiic investigations
cosmonauts V.F. Bykovsky and V.V, Tcrosihicova showed prolong-
cd duration of both cyclen during the second of third day
| of their flight., Thus, therc arc objective data indicating

that under weightless comdifions the cardiac activity changec
in agreement with variations occuring in time and amplitude
relationships betwcen forcce generated by the right and left
} parts of the hecart. Procceding from clinical obscrﬁations.
the rise in the lntensity and duration of the sccond tone
of phonocardiocgram can be interpreted os the cnhancement
and delay of the pulmonary componcnt of $hic accond tone in
comparison with the aortic one (10). The exteasion of seismo-
i cardiographic cycles can be the result of hizher than normel
asynchronism, occurred in tho action of thc rigit and left
parts of the heart,
The above deata malic it possible to distinguish the
foilowing threo phases ian the responses of the cardiovascu-
lar gystem to the cifeet of weightlossnesc.
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1. The transition phace, which involves changes brought
| about meinly by the after-effect of accelerations that
| affected the organism during the boost period. This phase
| ? is characterizcd by fall of pulse ratc and rise of pulse
arhythmida in dnimads and pulae variations in human beings.
4 Wo pronounced shifts in other indices have boen noticed.

2., The phage of incomplete adaptation to weightless~
nesa which lasts for 10 to 12 hours. The following changes
have becn observed during this period. The pulse rato gradual-
1y returns to nermel. The time of auriculo-ventricular con-
duction becomes longer. The duration of clectric systole
alsé becomes somewhat longer, The mechanical systole becomes
at first shorter but then longer. Thac arterial blood pres-
gurc steadily falls but shows a short-term elevation at the
end of the phase. Tac firat cycle of gseismocardiogram be-
comeg shorter. According t¢ phonocardiogravhy animals show
a rise in-tie intensity of both tones and a sharp elonga-
tion of the sccond tone.

3, The phase of reclatively stable adaptation to
weightlessness. At the phase elmost all indices of the
cardiovascular system taken under study show pronounced
changos. The pulsce rate before launching becomcs sorcwhat
lower. The time of auriculo-ventricular conduction becomes
longer. The diurnal cycle cpparently affects the auriculg-
ventricular conduction, electric systole and systolic index.’
The duration of mocherical systole shortens and the amechalio-
clectrical coefficicnt decreases. Flectromcchanical delay

beeonoes longer. Animels show a pronounced extoension of the
firsct cyclc of scismocardiogram. Cosmonsuts show that after
the initial increase, it gradually disappeers by the sccond
or third day of thc flight. Both humens and animals show

a stoble cxtension of the first and sccond cyclas of scigao-
cardiogran.

A

Thus, basing on tho experimental datz obtulned, it
proved possible to reveal a number of gpecific changes in
the functional atate of tiac circulatory system associatoed
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with weightlesgsness offects. In addition, it bocame posesible
to classify the changes into phaseg in rclation to the tine

of flight. ‘
’ . " Discugsion
i The atudy of experimental information prescnted

indicates that responses of the cardiovascular system to
the action of weightlessneso arce of a complicated .character.
First of &ll, they arc phasic changes. iiost interesting are
the phases of incomplote adaptation and relatively stable
‘adaptation to weightlessness. ' _

After the sccond or third circuitd (i.oc. after 2 to
4 hours) certain shifts in various indiccs of the cardio-
vascular system can bc chaoerved, 2.g. pulce atey arterial
blced pressurc, hesrt tonicity, cte. They arc, evidently,
the result of the influcrce of weightlesanesc. -Aticntion
snould be paid first of all to the "unloading”® charucter of
the changes observed. Such changes as tac fall of systolic
and diastolic pressurc, relative decrease of pulsec ratc,
reduction of mechanical and electric systoles can be brought
about by the reduction of cardiac cutput, Reduced require-
ments for energy to provide the muscular activity during
woizhtlegsness account thomeclves for fewer demands madc by
various tissucs of living organisa to the cardiovascular
system, Besides, the disappcarance of hydrostatic factor
ahd blood "weight" also mckes the cardiac action appreciably
casier. The inercese in the cmplitude of the first cycle of
seismocardiogram and reducticn of thc inechanical syatole
indicate that the rate of the blood removal by the ventricles
ig incrcamcd while the time chortens. And this is quite
understandable since tha roduvction of the minufte velume and
arterial blood pressurc should lcad to a greater roto of
romoval during the sihorier time provided that the sene
contractile ability of myocardium rotains,

-
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In the course of the functional reorganisation of

7 cardizc cctivity the circulatory system gradually adavty
iteelf to the new physical conditions. Thercby the phase

. . ) .

M of incompletc adaptation is rcplaced by the cnd of the first

dey by the phasc of relatively stable adaptation, The airt o
nomic nervous system pleys evidently a significant role in
the reslization of adeptive reactions (1%, 16). It is
suzgasted that the action of weightlecencss causes the
cffect of the perasympathetic system on cardiac activity

to increase while that of sympothetic one decreancs. This
-ig ovidenced by the lergthening of auriculo-veniriculor
conduction, by relative bradycardia, and by fall of tae
artcrial pressurc. The study of pulse arhythmic in onimals
and hcart rete variaticen in huvmans is very intercating. Tt
ig well known that arhythwmic found in degs undcr rest cons
ditions dinappears upon atropince cdministration. Thercfore,
arhythmiz depends on whethoer parasympathetic iniluencoes
prevail. It ccn be suggestced that arhythmia will be wore
pronouncedly cxpressed in dependence with tho greater exient
of predominaticn of the vagus systcem over the sympathetic
onc. The sinug araythmia in human beings iu alsoe connected
with the predomination ¢f the parasympatihetic system,

The cbove data tcetifying to the proedominaiing influ-
encae of the vegus system during weightlessness arc in good’
agrecment with the phenomena of demobilization of cardiac
activity and 'unloading® rcacwiocn which roflcceta procencoes
of adaptation occurring in the organicm in view of amallern

y encrgy requircments and lower intcnoity of muzscular moetabol-~
ism. It ig well known that the rinc 1an the functional activity
of organg and tissues, as well ag the incrcased intcnuity

of mctabolism are connected with escitation of the gympathe-
tic nervous asyaotem (8), while their decrease iz, on the
contrery, the result of prodominuting parcsympethetic in-
fluences. Thuz, a distinet rcgulatory mecnznism of the adop-
tation of thoe circulatory system to weightlcasncuses can now
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be outlinﬂd. T+ invelves chonges in tho nervous regulavien
| cf cardicc d0t¢Vlty and decrensc of the total cardlac oL~
put .
T+ ghould be however noted thnt the adaptation of the
c

cardiovescular systcom to new gnvirommental

htd

i
but rclatively-stable, It id interecsting to mention the
espons¢ oshown by nlmost all cosmonouta to Tho sleed -

s

vigilance transition whiech included o chort-term rige in
pulse rate (with o fall to follow) and decrcase or

of the systolic indcex, of the timc of auriculo=-ve nlricu
conduction and shortening of ¢lectide gyotolu. The changes
mentioned give cvidence o the appoarance of short- lived
gympatiactic effects sgalnst the prodomingtion of the prra-
gympathetic aystem, Theso changea on the part of the sympathe-
tie nerveus system can be cortically determined end connoct-
¢d with emotional ctregs or orienting reflex while awakoning.

By

There are facts that cannot be go far interpreted from

")

{no point of view of the above concepiions. They =woe: 1) exten-
cion of beth cycles of scismocardiogram, increfsc of the‘tims
of electromcchenical delay, rise in the intensity and dore-
tion of the sccond tone of phonccardlogran. A1) th@sc’nnenﬂu
mena can be ascsociated with the changes i1 time correletion
between the torces generated by thoe ri ight and 1aft parts of
the heart., This roaises the guestion of the reascens underly-
ing the phienomens . The diffcrence in the working rogime bet-
weon the right and loft perts of the heert can bo cauged,

for instance, by the difference in pressurcs in gysienlo

and pulmonary circulation. The occurrence during wblb1tl 55
nees of ventriculer ssynchronism, higher than in the norm,
»t certain disturbances in usual coordination of cardiac
contractiong cannct be po tur convincingly cxplaincd on the

baoig of tho. data accumulated, Tt neceds further purpeseial

k™

study of the circulatory grsten under spose flight conditions.
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i

‘nile estimating the responscs of the cardiovogeulap
gystem to a prolonged ection of weightlescness it io of

e g

greateot practical zignificance to determine probable
tolerance limits te decelerations. The reduction of tnc
total cardiac output, regulaﬁory reorgenization of tac
cardiovasculer systoem witi the aim to mecet the reguiremcnts
of thc new functicning lével will undoubtedly “disadapt®™
myocardium and conaequéntly it will be s scrious task For
it to endure great streszes of the re-cntry. Thus various
unfevourcble recctions can be cupected to appear during
descent. The objcct of physitlogical investigations is to
glucidate the dcgree of the neert “disadaptation' resulting
from a prolonged ection of weightlessncss and to detcrminc
various possible digturbancecs in the cardliac action during
re-entry, Thcrcfore, the ostudy of physiclogy of the cardioc-
vascular asystem during weijhilessncas is very important in
sccuring safe long-torm space flighis and rciurn of the
crew to carth,
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INVESTIGATION 0F BTOLOGICAL LFFECT
? K OF_CUSHIC RADIATLON UWDER CONDITIONS
‘ OF SPACE PLIGHT

By W.ii, 3isakyan, V.V. intipov,
P.?, Zaksonov, and V.I. Yazdovsky
(The USSR Academy of Sciences)
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ABSTRAGT

The present communication summarizes results of radio-tlo~-
logical investigations conducted on seven Soviet ships-
satellites (ships-satellites 2,4, and 5 and Vostoks 1,2,3,
and 4). For the study of the injuring effect of coemic radZ§7“7

o tion, objects were used which possesged different radicsen=-
. sitivity and tests were performed reflecting changes in

“f ' physiological functions and in hereditary structures cf a

ot cell, an organism, Experiments were conducted on mammels

(dogs, mice, rets, guinea pigs),.fruit flies, plant objects-
geeds of higher plants (wheat, pea, onion, pine, beans,
raddish, carrot, etc.), Tradescantia microspores, culture

! of chlorel la algae on different nutrient media, numerous
biological and cytclogical objects on tissue, cellular,
gubcellular and molecular levels.

aAnalysis of experimental results has shown that under
the influence of cosmic radiation in e totality with other
flight factors in hereditary structures of different biolo-
gical objects - cells of the marrow of mice, seeds of difrer-
ent plants, lysogenic bacteria, Tradescantia microspores,
etc, - disturbances appear which havc a amall, but statistic-
ally confident value. At the same time it has been establish-
ed that cosmic radiation caused no steble and expressed
changes in life functions of mammals end man,

¥ ,
- i Y
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Investigation of tine biological effect of cosmic radia-
tion is one of the complicated and at the same time most
urgent problems of cosmic biolozy and medicine.

successes of science and rocketry have made it possible
to accumulate by the present time reclatively extensive data
on physical parameters ol cosmic radiation - ite composi-
tion, intensity, the energy gpectrum and spatial distribu-
' tion in circumterrestrial space.

tecording to present data, coamic radiation is repre-
. sented by galactic rays (primary cosmic rediation), by pro~

tons produced durirg solaor flares and by penetrating radia-
tion of circumterrestrial belts. Due to difficulty of protec-
tion, of practical interest is the biclogical effect of high-
energy protons and heavy nuclei of galactic radiation (long-
term Tlights), protone of sclar flares and the inner radia-
tion belt with energies of zbout 100 and more hev.

Investigation of tihe biological effect of cosmic radia-
tion and its individual componenis ig conducted under condi-
tions of flight experiments on various flying vehicles and.
in laboratory experiments with the use of proton accelerators
and more hegavy particle accelerators. It is quite evident
that both methods of investigation, whlch have its advantages
and drawbazcks, should complement each other. Let us consider
briefly these tvio trenda.

At present time in some countries, including the USSE,
there are technical possibilities for conducting laboratory
investizations of the biolozical effect of protons ~ the
predominant type of radiations in outer spacc. rowever, con-
ditions of irradiation by protons at different accelerating
instsllations considerably differ from those which can be
cncountered in flight. The impulse character of irradiation
and large dose rate obtained in experiments with proions at
accelerators certainly afiect the results of the biological
oeffect of radimtion waich should be taken into account at

j‘ the cstimate of biological effentiveness of protons of primery
| cosmi¢ radiation, of the inner r.diation belt and solar
1’ flares. Luch less arc biolosziaste' onportunities for studying

the biological eifect of high-energy heavy nuclei in labora-
tory conditions.

ffhe successes in the development of rocketry and acro-
nautics have created the necessery conditions for carrying
out radiobiological investigaticns in £lizht egxperiments,
FPor these Rurposes high-altitude balloons~aeroatats, rockets,
recovered artificiasl Tarth satellites are used.

During flizht bioloszical objcctis carried on board
ships-gatellites arc subjected not only to the effect of
coamic radiation, but of otiher fadtors too - accelerations,
vibrations, weightlessness, etc. Therefore, ii we fail to
protect the organiom from these factors, and lonizing radia=-
tion acts in & complex or against the background of fheir
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influences, then gifricultiss naturally arisc in the estimate
of the radiobiological effect.,

the influence of flight dynamical factors ip absent
dqurins experiments at high-altiinde balloons. It is more
rational to use balloons for gtudies of the biological
effect of the heavy component of cosmic radiation 1ifting
them to heights of 35-40 ¥r1. However, &t these heights
ghields in the form of the Sarth's magnetic fields and the
layer of the atmosphere prevent us from studyinz the entire
spectrum of heavy particles encountered in outer space.

The first experiments on a high-altitude balloon were
<4 conducted with this aim in view by the Soviet scientist
b G.G. Frizen in 1935 /1/,. The maln tagk of his experiment
was to study, on fruit flieg the role of cosmic radiation
in sponteneous mutation. The exposure of the objects took
place at a height of 15,900 meters during two hours. The
experimenter did not detect the harmful effect of cosmic
. radiation and maede a conclusion thet apparently cosmic radia-
* tion could not be considered an evolution factor for earthly
organisms, The same year xperiments on aserostats werce bezun
in the USA too. Extensive use of aerostats for biological
purpeses has been made since 1051, Tie height and duration
of flight were extended: acrostats could be lifted up to 30 km
and flew during approximately 24 hours. Experiments were
conducted on various biological objects: fruit-flies, seeds
of different plants, neurospores, mice, guinea-pigs, etc.
(Simons 2; Simons and Jewitt 3; Pipkin and 3ullivan 4; Eugster
and Simons 5). At the same time physical characteristics of
cosmic radiation were investizated, such as density of particle
flux, charge and energy of particles, etc.

Analyzing the results of American investigations con-
ducted on high-altitude balloons one should emphasize that
in the predominant pajority of experiments no injuring effect
of coamic radiation was revealed. nffects which can be sscribed
to the action of cosmic radiation were revealed only in experi-
ments on barieycorn (Bugster and 3imons 5), cells of man's
skin (Bugster 6) and 1in experiments on black mice of the
line Cg7bl. {Chase 7, Simons and Steininetz £), In experiments
on bar?eycorn the appearance of mutatlons was revealed -
short-sized and ugly forme in the nex sencration of these
! zrains. After-flight observations of black mice revealed an
increase of the number ¢f grey hair, and also the fact that
in some cases grey hair was ailtuated on one line a8 if alond
the track of heavy particles of cosuic radiation. The appearancd
of pigmentized spot was revecled in a human skin strip.Bugeter
sgsociated this with the effect ¢f a heavy narticle.

e 8

The absence of the influence of cosmic radiation on
hereditary structure and physiological functions in different
objects in the majority of experiments should be explained
first of all by insufficient height and small duration of
the exposure of biological material.,
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In flight experimentsd conducted by Soviet and American
investigators at high-altitude and pallistic rockets flight
altitude was increased considerably. dowever, time of expo-
sure of biological objects continued to be insufficient. In
these tests, as in the majority of balloon experiwents, it
was impossible to detect and estimate the biological effect
og cgs?ic rediation (Yan¢ovsky V.I. et al. 9, Graybiel et
al. 10).

The possibilities of radiobiological investigatlons
extended considerably with tie use of Barth satellites for
these purposes. The higtoric flizht of the deg laika opened
the seriez of these experiments.

In the present communication results of radiobiologic-
szl investigations conducted on seven 3oviet spacecralts
(ships~satellites 2,4, and 5 and ships Vostok 1,2,3, and 4)
are Giscussed. For studies of the injuring effect of coamic

. radiation, objects having various radiosensitivity were

used. Tests reflected changes in physiological functions
and hereditary structures of a cell, of &an organism.

liammals {(dogs, mice, rats, zuinee-pigs), fruit flies,
plant objects-seeds of higher plants (wheat, pea, onion, _
pine, beans, radish, carrot, etec.), microspores of Tradescantia,
chlorella algae cultures on different nutrient medis, numerous
biological and cytological objects at tissue, ccllular; sub-
cellular and molecular levels were used in these experiments
(Gyurdzhian A.4. 11, Antipov V.V. et al. 12},

In experiments on wammals gpecial attention was ziven
to the study of the state of the blood production system, to
the determination of intermediate exchange products of nuc-
leic acids (desoxycytidine and Dishe of _positive gsubatances),
to the investigation of the state of natural immunity, and
to the determinztion of the content of gerotonin in blood.
Besides, control was conducted over the state of pismenta-
fion of hair of black mice (line Cg7bl.). fhysiological
chanzges were investizated on otner objects too, such as seeds
of higher plants, microorganisns, celln of different tisgues
in the culture, etc.

The effect of ionizing radiation on hereditary gtruc-
tures of & cell, of @n organism was studied on mice, fruit
flies, seecds of higher plants, lysogenic culbure of #. coli,
microspores of Trad¢scantia paludosa, etc.

The abovementioned biolozical objects were in flight
from 1.5 to 96 hours at heights of 180-320 km., The total raGia-
tion dose received for the period of flights was respective~
ly from 1.5 (during 1.5 hour flizht) to 60 mrad (duging
96-hour flight) at average dose rate from 7.2 to 1372 mrad
per 24 hours. At these heights at the orbital inclination of
65° about 90% of the absorbed dose is caused by primary
cosmic radiation, and 100 is due to the Larth's radietion
belts (lesterov V.E. et al.l3).

- Declassified in Part - Sanitized Copy Approved for Release 2013/02/20 : CIA-RDP80T00246A023900070001-9




Declassified in Part - Sanitized Copy Approved for Release 2013/02/20 : CIA-RDP80T00246A023900070001-9

o

Declassified in Part - Sanitized Copy Approved for Release 2013/02/20 : CIA-RDP80T00246A023900070001-9

(<3

e

—')—

Taking into accovnt biophysical peculiarities of the
heavy "component of zalactic rays one may think that biolo-
glical effectiveness of rediation of this type will be con-
siderably higher than effectiveness of X-raye and gamma-
reys. It is also evident that being sensitizers of ionizing
radiation, somc fliznt factors intensify the effect of this
radiation. Conaequently, even if these peculiaritiesc were
taken into account one could expcct that radiation reaction
would be discovered in some biological objects - lysozenic
bacteria, fruit flies, Tradescantia microspores.

What are the resulis of these experiments and how do
they agree withh the readings of physical dosimeters?

Genereal clinical observations and special laboratory
studies of peripheral blood, marrow,uriner the state of ;
natural immunity of mammals wiiich flew on orbital sinips did
not reveal any indices of radiation injury (A,.A. Gyurdzinian
14, V.V. Antipov et 2l.1l%).

Cytogenetic investigations of the marrow and spleen
cells of mice undergone flight on ships 2,4 and 5 have made
it possible to discover some violations of the division
process of the nuclei of these cells., It was shown that
under the influence of flight some cianses anpear in cells!
nuclei in the form of chromosome reconstructions ané chromo-
some sticking (Ii.A. Arsenyeva, V.V, Antipov, V.G. Petrukhin
et al.l6, i, A, Arsenyeva, V.V, Antipov et al.17). A question
naturally arose which of the flizht fectors caused these
changes? The total radiation dose during flight on ship 2
was 10 mrad, and on ships 4 and 5 it did not excced 2 mrad.
Thus it is difficult to suppose that the cytogenetic effect
in the marrow and spleen cells was caused by cosmic radia-
tion, cven if one admits that the RBE coefficient of the
heavy component is 10-20, Iurther laboratory studies have
made 1t possible to establish that violations of tiiec qivi-
gion processes of cellular nucleus, similar to those waich
were detected in cells of the mavrow and spleen of mice after
flight, can appear not only at the action of ionizing radia-
tion, but also under the action of viorations, acceleraticns
end their combinutions. Consequently, one may think that
during flight this effect was caused by the action of dyna-
mical factors, and, first of all, vibrations and accelera~
tions (ii.A. Arscnyeva, V.V. intipov et al.17).

Fruit flies (Drosophila melanogaster) of different
lines were exposed on ships during all flights. The effect
of flight factors, and firgt of all, cosmic radiation on this
object was estimeted by the influence of the frequency of
thie appearance of dominant and gex~coupled recessive lethal
mitations, as well as on the frequency of the appearance of
primary nondivergence of J-chromcsomes.




L
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Linalysis of experimental material first of all indi-
cates the absence of distinct dependence of zenetic changes
in Drosophila melanogaster on flight duration. Considering
Ya.L. Glenbotsky's data (18) on the influence of space flight
factore on the frequency of the appearance of sex~coupled
recessive lethzl mutations one caen sce that these statistic-
ally confident changes were detected during fligats on
orbital ships 2 and 4 and Vostok 1. At the same tine they
were absent during flighte of orbital ship 5 and Voatok 2.

In experiments with fruit flies the mutagenic effect was
absent also during fliznte of space ships Vostok 3 and
Vostok 4, The statistically confident effect was detected
from dominant lethals in experiments on ships 2 and 4. In
experiments on Vostok 2,3,4 the effect was statistically
not confident (G.P. Pariyonov 18). The influence on tae
frequency of tie appearance of primary nondivergence of
Y=-chromosomes was invesitizated on Vostoks 1,2 and 3. In
experiments on Vostoks 1 and 2 tire genstic effect was statis-
tically confident, and in an experiment on Vostok 3 it was
absent completely (i1.P. Dubinin et al.l3).

How to explain the appearance of hereditary changes
of fruit flies inSome flights and the absence of them in
other flights? In Ya.L. Glembotsky's opinion, the genetic
effect hardly was caused by the sction of vibrations and
accelerations. If this cffect depended on vibrations and
accelerations, then their mutagenic action should take place
in all seven flights. Hereditary changes in fruit flies -
apparently are not associated with weightlessness, since in
experiments the appearance of the effect did not depend on
the increase of time of the action of weightlessness. The
authors believe that the leadinz role in the apnearznce of
zenetic effects in fruit flies during flight belongs to tie
heavy component of galactic vays. It is quite evident that
this supposition regquires further czperimental proofs by
laboratory tests elucidatin; the cowbined effect of vibra-
tions, accelerations and ionizing rediation on hereditary
atructures, ag well as by fligat experiments with grezt
duration of flight.

To estimate the biolozical effect of cosmic radiation
lysogenic bacterie were used which resct to the action of
relatively small doses of ionizing radietion (0.2 - 0.4 rad)
by induced phagoproduction. As was shown by investizations
conducted in the USSR under the leadership of Profeasor
N.H. Zhukov-Verezanikov, the system of lysogenic bacteria,
in particular E, coli K-12 (r. ), is a very convenient
biological model for genetic investizations which vermit to
record molecular changes, i.e. chanzes in the state and
exchiange of bacterial and phagous desgoxyribonucleilc acid.

Lysogenic bacteria were exposed on orbital ghips 4 and
5 and on Vostoks 1,2,3 and 4, Analyzing tae experimental
material obtained one should note that only in experiments

on ships Vostok 3 and Vostok 4 the statistically confident
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inducing effect of flignt factors on lysogenic bacteria E.
soli K-12 (A_) was discovered, The inducing effect was

more expressed in experiments on space ahip Vostok 3 than .
in experiments on Voatok 4 (NN, Zhukov-Verezhnikov et al,19).

he pointed out above, the method has made it possible.
to reveal +the inducing effect of ionizinr radiation within.. .,
the limits of 0.2 - 0.4 rad. lowever, it does not fellow
from this that discovered induction of lysozenic bacteria
in experiments on space ghips wag assoclated with the action
of only cosmic radiation in small doses. Apparently the
detected inducing genetic efiect is caused by the complex
action of vibrations, accelerations, weightlessness, and
jonizing radietion. This supposition is confirmed by labora-
tory investigetions walca shows the capability of vibretion
B to increase significantly the gensitivity of lysogenic bacterla
| to tie action of ionizing radlation (M,17, Zhukov-Verezhnikov
| et al.19).

Dry seeds of nigher plants were exposed in all seven
siips-satellites, Seeds of wireat and pea are investigated
; ' in more detail in & genetic aspect. If we sum up the data
| on all aszeds which flew o1 3pace ghipas and corresponded to

' the control omes, then statisbtically confident difference

will be revealed between experimental and control materid s.
E This 1s explained mainly by the fact thet due to large
i quantity of the analyzed material confidence of difference
ia gtronsly inoreased. Analysis of data obtained has shown
also that small, but statistically confident increase of
the percenitage of chromoscme ceconstructions in cells of
roots of embryos of air-dry wheat and pea seeds did not
depend on duration of flight (V.V. Kivostova et al,20).

mus dirficulties are quite evident which arouss at
the estimate of the role of this or that flight factor in
the genetic cffect in seeds of higher plants., These dififi-
culties are increasged by the absence of sufficiently full
laboratory data on the influence of vibration and complex
effect of ionizing radiation and dynawmical tlizht factors
on hereditary structures of seeds. In this connection of
gome importance isg the fact that the mutazenic effect was
revealed in barley sceds after balloon flight, This effect
was sufficiently well explained by the actlon of cosmic
radiation nuclei (Zugster and 3imons 5). Therefore, if we
agsume that chromosome disturbances in seeds of wheat, ped,
pine, beans eic. (sce Bbelone I.L. et al.2l, their experi-
hent on Vostok 3) are caused mcinly by cosmic radiation,
then how can we explain tne fact that the mutagenic effect
ia not increased with the increase of the time of flight,
i.e. with the inerease of the ilonizing radiation dose? 1t
is quite evident that to explain the causes of this interest-
ing phenomenon, Ifurther control experiments are needed in
lahoratories and on space vehicles (for instance, with
nrotective neans agoinst different flight factors).

\u
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Let us briefly consider the results of biological
experiments carried out by A.G. Nikolayev and P.R. Popovich
under conditions of space flight, In these experiments the
influence of flight factors was investigated, &nd, first
of 211, of cosmic radiation and weightlessness on the process
of fecundation, the growth and development of the orgarism,
and on the processes of divieion of cellular nuclel.

Experiments were carried out on Drosophila nelanozaater
and microspores of Tradescentisa paludosa, Theue experiments
heve shown the possibility of copulation, egg laying and
normal development of fruit flies under weightlessnese {un~
published data of G.P. Parfyonov et al,). In experiments
on Tradescantia microspores the pert of the material was
fixed by P.K. Popovich after 56 hovrs after launching which
excluded the influence of vibrations and accclarations act-
ing on the object during the ship's descent. As a result
of an analysis of the material reccived a ncw type of ree
constructions has been revcaled - spherical fragments whici
vere recorded not only in the metaphase, anaphase and telo-
phase, but also in the prophase and interphase. . Begides,
different disturbances of mitosis have been observed, for
instance, nondivergence of chromosome complexes, etc.

(§.L. Delone et al.22). The resulis of the flight experi-
ment with Troadescantia microspores carried out by Ccsmonaut
V.F. Bykovcky should help find the causces of these changes.
He maznaged to fix the experimental meterial three times

.during flight, and thus the opportunity is offered to differ-

entiate the action of vibrations and accelerations appcaring
at tnec ship's ascent and descent duc to the influence of
weightlessness and cosmic radiation. The treatment of the
materiel obtained is not yet completed. Howcver, preliminary
results give grounds to believe that the aims sct in the
experiment will be fulfilled in a full volumc.

~ 0f great intecrest are the exporiments carricd ovi on
the hmerican satcllite Discovercer XVII. The satellite carricd
cultures of tissues of man's organism - cclle of synovial
membranc of the joint and cells of the eye's conjunctiva,
different humen and animal blood proparaiions &s well as
becterial spores stable to temporature and algae culturc.
As is knovn, the flight of this agatellite coincided with
a vory intensive sclar flare. The biological objectic under
teat were subjected to irradiation by the total dose of
30-35 rad. However, during leboratory gtudics made on these
objccts no cffect of cosmic raciation was detcctod cxcept
for bacterial sporss. It is evident that, unfortunately,
the investigetion mcthods uscd turned to be insufficiently
sensitive (E. Bulban 23).

From the not complete list of papers cited in the
present report it is cvident that cztensive work has been
donc by Sovict and American scicntists on selecting objects
and developing adequate tests for studies of the biological
cffect of cosmic rediation. The ckxtensive cxperimental materi-
al obtaincd in flight cxperiments on aerosiats, high-altitude
and ballistic rockets, ships-satellites may be eascntially
rcgarded ac background data for further radiobiological in-
veatigations in the cosmos. Rapid successcs in the develop-
ment of rocketry give grounds to belicve thet opportunities
for conducting such investigations will be cxtended in the
ncar future,.
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ABSTRACT

V\Mj The main problems of radiation safety of space flights
L are discusseds ‘ '

inveatigation of physical pupameters of cosmic radia-
“tion - the spectrum of components and their energles, deter-
' mipation of ionizing radiation in space and in time, ebc.i

determination of relative bioclogical effectiveness of
individual components of cosmic radiations;

elucidation of specific contribution of cosmic radia-
tion to the biological effect of space flight factors;

investigation of the effect of cosmic radiation on
heredity and variability of organisms; :

determination of admissible 1imit radiation doses for
space flights; : :

development of methods of dosimetrj of ionizing radia-
tions aboard space vehicles;

development of effective means of physical and pharmaco- ‘
shemical protection of organisms against radiations; o

prediction of radiation situation in outer space;
selection of .orbits least dangerous in radiation aspect.
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Biological experiments conducted on different space
vehicles, astrophysical investigations of outer space, and,
at last, f£lights of Soviet and American astronauts have
convincingly demonstrated radiabion safety of short-time
orbital flights below the Earth's radiation belts and in
the absence of enhanced solar activity. Radiatlon doses
received by cosmonsuts are small and cannob exert harmful
influence on man's organism.

However, at more prolonged flights with the crossing
of the resdiation belts, and especially during solar flares,
ionizing rediation can become a real threat to human health

.and life,

Oonsequently, today the problems of ensuring radlation
safety of space flights are not only of theoretical interest
but also of practical importance. Let us briefly discuss
the main problems. This is, first of all, the study of
relative biological effectiveness (RBE) of protons and
heavy nuclei of different energies, the investigation of
the combined action of these particles (together with
other flight factors) on the organism, and the developmen?
of effective physical, biological and pharmacological
protective agenbs.

It is quite evident that ‘successful study of the
biological effect of cosmic radiation and development of
effective protective measures are inconceivable without
maximally full information about physical characteristics
of cosmlc radiation: the composition, energy spectrum of
individual components, density and spacial distribution.
Alongside the acquisition of data on the physics of cosmic
radiation the investigation shovld be made of biophysicel
peculiarities of the action of the heavy componenkt.

The solution of the above mentioned tasks is closely
agsociated with the successful development of bthe methods
of physical and biological dosimetry of ionizing radiations
which in the system of measures ensuring radiation safety
of space flights occupies the prominent place. Due to
imperfection of methods of physical dosimetry of high-energy
particles, especially on the present stage of research it
is rational to check physical measurements carried out
during flights by biological reactions using for Gthese
purposes bthe most investigated radiobiological objects.

Let us briefly discuss the problem of relative biologic~-
al effectiveness of individual components of cosmic radla-
tion, and, first of all, protons - the predominant type of
penetrating radiations in outer space.

At present the biological effect of high-energy pro-

' tons, their RBE, as compared to X-rays and gamma rays, are

investigated mainly in laboratory conditions at different
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accelerating installations. Experiments were conducted on
different biological objects: monkeys (Zellmer and Allen
19613, dogs (A. Lebedinsky, Yu. Nefedov, W, Ryzhov et al,
1962), rats, mice (E. Xurlandskaya et al, 1959, 1961, 1962,
G. Avrunina et al. 1961, V. Fyodorova and G. Avrunina 1959,
V. Antipov, B. Razgovorov, V. Shashkov et al, 1962), fruit
flies (Ya. Glembotsky et al., 1962, G. Parfyonmov et al, 1962),
dry seeds of higher plants (V, Khvostova et al. 1962,

L. Gordon et al. 1962).

‘\h..#

The most complebe data are obtained in experiments on
; mice and rats, In these experiments RBE was estimated
. according to survival rate, and change of the blood produc-
tion system, Comparative investigations were made of canceri-
genic effect of protons and X-rays_(E. Kurlandskaya et al..
1962, M. Raushenbakh, V. Antipov, B, Davydov et al. 1963).

Analyzing data in literature and results of our own
investigations we can conclude that RBE of protons with
energies of 120-660 Mev does not exceed 1 for rats, mice,
fruit flies, seeds of higher plants. For monkeys (Zellmer
et al,) and dogs (A. Lebedingky et al,) RBE of protons with
energies of 730 and 550 Mev lies within the limits 1-2. It
should be stressed that the above mentioned experiments,
especially on monkeys and dogs, are not numercus. Therefore,
they require repectition and more precise character of experi-
mentation under identical irradiation conditions with the
use of the same estimation tests. Of great inbterest will
be further studies of remote consequences of irradiation -
the cancerigenic and leukemic effects of protons as well
as studies of the biological effect of protons with energies
less than 100 Mev whose RBE according to calculations, should
be higher than that of protons with energies of 120-660 Mev.

Estimating RBE of high-energpy protons obtained atb
different accelerating installations one should take into
account the impulse character of irradiation and large dose
rates. These factors should certainly affect results of
the biological effect of radiation, and, therefore, bthey
should be taken inbto account at tentative determination
of RBE of protons of primary cosmic radiation, the inner
radiation belt and solar flares. Unfortunately up till
present time it was impogsible to conduct flight experi-
ments {or estimabing satisfactorily relative biclogical
effectiveness of protons of outer space.

Still less experimental datua are available on biologic-

3 al effectiveness of alpha-particles (helium nuclei) and
: nuclel of more heavy elements. On the basis of calculations,
/ RBE of these particles are taken to be equal 2-10, angd,

. according to some tests, more than 10. Further studies of
RBE of heavy particles are c¢losely connected with develop-
ment of engineering of nuclear research, with creation of
more powerful accelerabting installations as well as with
extension of radiobiological research in outer space.
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The problem of investigating Cthe complex influence
of ionizing radiation and other flight factors (vibration,
ascceleration, weightlessness, changed gaseous composition,
etc.) on the organism is also very urgenbt.

Experimental data on this problem are almost absent.
However, .1t is very important Go know what is the sgecific
contribution of cosmic radiation to the general actlon of
flight factors on the human organism. 1t is also very import-
ant to know what is the influence of other flight factors
on qualitative and quantitative aspects of the biological
radiation effect. Without these data 1t is imposatble to
give scientifically substantiated recommendations on
pharmacotherapy and prophylaxis ot radiation injuries.

Our investigations (V. Antipov, B. Davydov, V. Vysotsky
1962, T. Lvova and N. Suprunenko 1961, 1962, 1963, etc.)
indicate that acceleration.and vibration exert different
influence on the development of radiation injuries which
depends on the succession of the application of these
factors., For instance, the effect of vibration and asccelera-
tion on the fifth-seventh day after irradiation aggravate
the development of radiation sickness (reaction). If, how-
ever, vibration and acceleration are used before irradia-
tion, they do not aggravate the radiation effect. Moreover,
they even lessen it slightly. .

The absence of sufficient experimental data on RBE
and on combined action of flight factors and radiation pre-~
vent us from giving scientifically substantiated recommenda-
tions on permissible limit radiation levels for asbronauts.

The limit permissible dose of cosmic radiation for
cogmonauts (25 rem) for flight of duration from several
days to one year, which we recommend, is based on calculat-
ed ph{sical dota with the account of radiobiological experi~-
mental and clinical facts about the injuiring effect of
ionizing radiation under terrestrial conditiong. Apparently
transfer of these data to cosmic radiation 1s inadmissible
without reservations. Therefore, the recommendation on |
permissible dose of 25 rem should be regarded as btemporary.
With the acquisition of experimental data on the bioclogical
effect of individual components of cosmic radiation, on
the effectiveness of radioprotective compounds this dose
will be altered.

0f great practical and theoretical interest 1is the
problem of finding effective radioprotective pharmaco-
chemical compounds. Their use will permit to decrease the
weight of physical protection, thus decreasing bthe welght
of a flying vehicle and increasing bthe time of flight.

By the effortvs of many scientists working in this
sphere, preparations are discovered, and synthecized capable
of protecting the organism against lethal doses of ionizing
radiation. However, the majority of thesc preparations may
be hardly used under specific conditions of space flight.
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We believe thal pharmacological preparations designed
a5 individual protective means of the crew aguainst the
injuring effect of cosmic radiation should meet the follow-
ing main requirements: They should have high effectiveness
combined with nontoxicity, they should not exert any addi-
tional action during repeated long-time use, they should
not cause even short-time loss of working capacity (per-
formance), bthey should not exert negative influence on

_resistance of the organism to the action of different

filight factors-overloads, psychic stress, weightlessness,
ete.

One should take into account that apparenbly pharmaco-
chemical means of protection against radiation should be
used not only for cosmonaubts, but also, for the whole bio-
complex of a space ship.

We have treated only some radiobiological problems
which, in our mind, ere not only of vheoretical, but also
¢f great practical importance in the solution of the problem
of the protection of the cosmonaut from the injuring effect
of cosmic radiation. Of excepbional interest is also the
study on problems of the genetic effect of cosmic radiation,
of the biological effect of the heavy component, etc. These
problems deserve special discussion. However, it should be
noted that Soviet geneticigts have accumulated extensive
material on the action of different space flight factors
on the genetic apparabus of various biological cbjects.
(¥.N. Zhukov-Verezhnlkov et al. 1960, 1961, 1962, N.F, Dubinin
et al. 1960, 1961, 1962, M.A. Arsenyeva et al. 1961, 1962,
Ya.L., Glembotsky et al., 1961, 1962, G.P. Parfyonov, 196l,
V.V. Khvostova et al., N.L. Delone et al. 1962, N.I. Nuzhdin
et al. 1963). ' :

The solution of the above mentioned problems will make
it possible to werk out a scientifically substentiated
system of measures guaranteeizm,radiation safety of space
f1lights. One of the possible sunemes of this system parbly
checked during flights of Soviet space pilots envisages:

the selection of orbits not dangerous in radiation
respect;

the prediction of radiation situation in ouber space,
especially solar flares;

reliable dosimetric control of radiation levels in
the cabin of a space ship;

of fective physical, pharmaco-chemical and biological
means protecting astronauts from the injuring effect of
cosuic radiation.
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Thug the consideration of some principal radicoblolagicel
problems has shown that in this shpere there are very many
unsolved guestions. Thie is understandable.51nce space radio-
biology is a very young branch of young sclence - space
biology. However, there are grounds to bellgve that combined
‘%, efforts of scientists of different speclalidles, representa-~

tives of different countries of the world, will lead to a
successful solubion cf the problem of radiation safety of
space flights in near outer space.

:
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ABSTRACT

A syatem of radistion safety measures during mannaod

.
Q space flights provided prediction of radiation situation
" in cuter space, measurcments of the integral doze and. dose

rate directly on a ship-eatellite, biological dosimetry
of cosmic radiation ae well ag use of pharmaco-chemical
antiradiation agentys in casc of emergency,., The results

. obtained have made it possible to estimate positively the
radiation safcty agystem of manned space flight. |

£eglassified in Part - Sanitized Copy App'roved for Release 2013/02/20 : CIA-RDP80T00246A023900070001-9




Declassified in Part - Sanitized Copy Approved for Release 2013/02/20 : CIA-RDP80T00246A023900070001-9

Declassified in Part - Sanitized Copy Approved for Release 2013/02/20 : CIA-RDP80T00246A023900070001-9
. W .

I |

-2 =

During flight along tire orbit of the sﬁip Vostok &
gpace pilot i subjccted to the action of primary cosmic
radiation (galactic rays) and Bremssiraalung produccd at
tae interacticn of thce outer radietion helt cleetrons with
the ship's hull. The po=sibility is not also excluded of
swall irradiation by protons of the inner radiation belt
which, for instance, in the rcgion of tlie Brazilian magnetic
aﬁomaly descends to heights of 230-320 kia,

According to £.3. Vernov et al. (1), V.B. Nesterov
ot al. (2), ot altitudes of 180-340 km at tine orbital in-
clination of 65°, approximately S0 per cent of the absorbed
dose is due to primary ?osmic radiction, and 10 per cent

is due to radiation of the Barta's rediation belts. It
should be ncted that strongly ionizing heavy nuclei, which,
ag nrotons, can causc nuclear disintegration stars in the
biological object, constitute the part of primary cosmic
radiation. Taking into account biological peculiari

ice of
the action of the heavy component, onc ‘should cxpact i

U
ct that i
biclogical ceffectiveness of radiation of this type will be

mucll higher than the cffcctivenssg of X-rays and gaume rays,

‘ieasurements cerricd cut aboard spaceships-satellites
iI-v and saips Vostok have shown that at thewe heights the
integral 24-hour rsdistion dose varieg within 8-1% willi-
vads, It is quite cvident that cven high biological oficctive-
ness for the heavy- component of primary cosmic radistion is
teken into account, the radiation dose received during saort-
time Flights at heights of 180-250 ka is not danzerous.

At these Lelighvs protona produced duriny gcolar flares
constitute a real threat for the commonaut's hoeslth. Solar
protens nave cnersy Ifrowm geveral iev to 700 liev, and in zome
cases their cnerzy cin reach several Bev,

After mishty solar flares the intensity of cosmic rays
at large distances from the Harth beyond the wagnetic field
is incrcascd by thousend:. and cven teng of thousands fimcs,
This ieads to an enormous increese of doses up to lethally
dargerous levels on tae oracr of 500 rad. In orbitsc off ships
of vhe Vostok typc whorce the shielding effcet of the Larth's
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magnétic field ig felt, the irradiation dosc decreases reach-~
ing scveral tens of rads per flare. 'leking into aecount
that protons of solar ~Marcs act in a complex or againsy
the background of cther flight factors increcasing radiation,
reaction, there are grounds to suppose that under these
corditions %he dose of several tens of rad will be danger-

‘ ous for the cosmonaut's healih.

? Production of sclar flares occurs without any definite-
{ 1y expressed regularity in time. Therefore, the probability
of getting into a flare of different intensity depends on
average probability of itg appcarance and on duration of
flight.

Besides protons of solar flares, ilonizing radiation
caused by the American high-altitude eiplosion over Jochnson
Island in the Pacific Ocean on July 8, 1962, constituted
a grave danger for space pilots A.G. Nikolayev and P.it. Po~
povich, Taking into account the above mentioned, the systom
of measures guarantesing radiation safety during flizhts
of ahips Vostok provided for

prediction of radiation gituation in outer space;

weasurcment of the integral dosc and tuc dose rate
directly on a ship-satellite; '

. biclogical dosimetry of cosmic radiation;

uge cf pharmeco-chamical antiradiation agents under
conditions of cmergency.

To predict radiation situation in outcr space the
wgolar gervice® was established to cbscrve the state ‘of
solar activity. This serviece functioned before and during

flight. Astrophysical observatories and heliophysical sta-
tions situated at diffcrent points of the Soviet Union
conducted continuous optical, magnctic and radio observa-
ﬁ tions of the Sun. Besidcs, in the upper atmesphere dircet
' measurencnts of the intunsity of radiations were carried
out by means of the instrumentation lifted cn balloons.

PAR

Dalloon flights were asccomplished six~scven times during
' 24 hours in different places of the USSi, inciluding volar

=4

regiona., Information obtained about radiation situation in
ocuter space enabled the organizers of flight to take decil-
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sions on the accomplishacnt of flight and its succest iive
prOAram.

To anrepse radiation safedy tae ships had the
nocessary design shiel¢ which protected the cabin sgainst
penctration of some pert of cosmic fadlatlon, and wiich,
to a considerable dearce, protected tha cabin against the

£

S
effoct of radiation agrociated with the nuclear exnloaion
in outer space.

The astronautse were provided by gpecial redioprotec-
tive compounds for the casc of sharp detericration of radia-
tion situation for prgphylaxis of the injuring eifect of
‘radiation.

Dosimetric control on ghips Vostok 1 and Vostok 2
was caerricd out by means of jpdividual deosimeters ILK, IPK
and thermoluminescent glasses. The total dose Tor flizht
was less than 1 mrad in Y.A. agarin's : lizht and 12 arad
in ¢,5. Titov's flizht,

tn connection with the increase of flignt time of
siips Vostok 3 and Vostok 4, special on-bodrd dosimetric
ingtrumentation wag installed whosc tclemetey readings werce
transmitted to ground obgervation pointa. Besides, the sct
of individual dogimeters was extended. Apart from dosimeters
with winich Yu... Gagerin and &.3. Titov werc provided,
foGe Nikolayev and 2.il. sonovici. had DKP-50, nuclear pnoto-
emulsions, ctc.

According to data of on-hoard dosimeters, the total
desc during the Vostok 3 flizht was 43 + 1 mrad, and dur-
inz the Vostok 4 flight it was 32 & 1 mrad (8.H. Vernov,

I Lk, 3avenko et cl. 3). ‘

Reedin s of individual dosimcters DEP-50 did not 2o
out of the limits of crrors causeé by self-discharge.

According o data obiained by means of individual

LV Y, ]

dosimeters placed on cogmonauts, the absorbed dose was from
48 %o 64 mrad for i.G. Nikelayev, and from 37 to 46 mrad
+or P.E. Popovich (sez 1.3, Kerim-harkus et al, 4).

The set of ionizing radiation detectors situated in
the bioblock has made it pos sible to estimate radiation
conditions in which biological expe rlments Wore uonductcd.
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According to the date of tire study of nuclear photoemulsions
and “ecintillation dosimeters, the intagral‘dose'in places
of location of bioblocks on the ship Vostok 3 was 56 + 8
mrad, and on Vostok 4 it was 45 + 7 mrad during flight.
-~ . The contribution of charged particles tc the integral dose
\ﬁ was about 40 per cent, and approximately two thirds of this
contribution fell to heavy nuclei (Z2>1). According to the
data of dosimeters IFK and ILK, during flight the total
dose wes about 50-60 mrad (V.N. Lebedev, V,.S. liorozov et
al, 5).
Thus the average dose rate of radiation during rlights
of space ships Vostok 3 and Vostok 4 was 13 + 2 mrad per
24 hours, i.e.’noticeably ciceeded the dose ratc observed
* on Vostok 1 (7.2 mrad/24 hours) and on Vostok 2 (8.4 mrad/
24 hours). The increase of the dose ratc may be accounted
for by possible regidual radiation caused by the high-
altitude nuclear explosion on July 8, 1962.
As cvident from the above cited results of measure-
ments, integral doses obtained by different methods agree

with each other within the measuring errors. As ig well-
known, these doses do not excecd the norm cstablished for
persons working with penetrating radiation sources, and
are not dangerous for human health, .

Alongside the ebove mentioned instrumentation, differ-
ent biological objects were carried aboard speceships: air-
dry seccds of plants (wheat, pea, onion, pine, cabbage,
carrot, etc.), microsporcs of Tradescantia paludosa, lyso-
genic culture of ¥. coli K=12 (N ), Drosophila melanogast-
er, human cancer ceils, eggs of swine's Ascaris, Thesc
objccts were used for biological dosimetry of cosmic radia-
tion, and for investigaticn of the injuring cffect of flighv
factors, including ionizing radiation, on hereditary sirue-
turecy and physiological functiona of a cell, of an ofgan-
iem., '

ol ~o

It should be noted that results of radiobiological
investigations agree quite catisfuctory with the data of
physical mecasurements., These cxperiments heve shown that
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injuring effect of #ligznt factors on heroistary structuris
of somc objects may be revealed by uceans. o gen netic teste

| Wor instance, Gifferent distur Dunueﬂ of mitosis were observ-
ca in sprouts of whovt‘}v v. Xavostova et &l. 6}, in micio~
spores of lredescentin (§.L. Delone ct al. 73, an inducing
offect is detacted in LJbO‘GNlC bacieria, (H.H. Zaukov-
Verezhnikov ct al. 8). It gnould be emphasized that thesc
;flccts sre not srewt in a gusntitative regpect, At the same

-

o '

time tie uwse of puyvlolo ical methods of rescarcin nas not ¢
| ' permitted to reveal &Yy ﬂz)\ﬂssnd chan~cs tynical of radia-
| tion injury in life functions of different objects.

The revealed zenctic cheniged proovably are cansed by

! the cffect of a toitelity of flizat facvors, including ioniz=-
iny radiation in gnall domcs. The possibility iz not exclud-
ed that such factors, 23 vioration, accelerations etc.,
are scnsitizers for somc objects, as far as the offect of
coamic radiation is. concerned. In our opinion, tac suppopsi~
tion that the above mentionsd injuriss of nercditary struc~
tures arc specific and arc cauced by thc hoavy compone:
of golactic rays is less substantisted. It is quite evident

wat the causes and mechanism of zenetic d¢isturbances
observed in some violozical objects under tne influcnce of
flizht factors resalirc further investigations.

Gencral clinical obscrvations znd specizl laboratory
examinations of Yu.A., Ganarin, 1.4, Titov, A.G. Hikolayev
and P.R. Popovich rezvlarly conducted after uOJpl etion of
flight also-confirm co avinciusly that during taese fiignts
there was no ncgative cffect oy coomic d at on on sﬁacc

- pilats' ncalth.

Thus, the results obtaincd pbfﬂlt to coetimatc pou it irv~
1y the system 0% acasurcs used to. guarantee I& sdistion safety
during manncd space T1i-hts on board ships of the Vostok

[ TYDPE.
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ON THE BIOLOGICAL BPFCT.OF KICH-BNERGY
PROTONS

. By P,P. Szksonov, V.¥V. Antipov, V.S, 'S‘hashkov,‘
B.L. laggovorov, G.#, Lurin, and V.S. lorosov
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.Results are discussed,of the 1nvestigabion into theé
injuring effect of protong w1th energies 660 and 120 Mev
- aimed at determination of relative biologioal effecbiveness
. .. "7°(RBE):of. these pdrticles and of the investigation on mice
4 _"? into- radioprotective properties of cystamine, serotonin,
(ﬁn‘l:'f-eto. under conditions of’ irradiation by protons. Experiments
* ‘:;. were-carried out on different biological objects (rats,
“pice, frult flies étc.) with the use of different techni-
- que of inveatigaticns.
The experiments have shown bhat RBE of protons with
“~‘enersieaﬂ660 and 120" Mev for LDy, was 0.7 for mice and rats.
The same results were obtained during relative estimates
- of chromosome disturbances in cells of the marrow of mice,
in- spronts of seéeds of higher plants, during determination
T of recensive sex~-coupled and domipant lethal mutations of
-.Drosophila melanogaster. }

- Mhe effectiveness is shown of aome pharmaco~chemical
fsubstances (cystamline, serotonin, etc.) used as protective
agents under conditions-of the effecb of high-energy
protons.

.j_i_'k.

i
..\‘Q
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In the era of the conquest of outer space by man the
problem of the biolcgical effect of cosmic radiations on
living organisms is not only of a theoretical but also
of great practical importance. :

Cosmic radiation, espec¢ially during long—tlme flights
beyond the Earth'es magnetic field, will be one of the main

obstacles on the path of the conquest of interplanetary
~space (1,2). From a pracﬁical‘point of view, in the- aspect
ot radiation danger, of special interest are corpuscular
l,radlatlons high-energy probons and heavy multiply charged

nuclei

It is assumed that if we have sabiefactory information

‘f, about physical characteristics of cosmic radlatlon, .the
 aboence of sufficient data on Relabive Biological Effective~-
_ness (RBE) of individual components of cosmic radiation is
' the mzin obstacle for esbabllshing sclentiflcally substantiat-
,_ed permigsible radiation levels and developlno effective
_’protecthe Imeasures,

'RBE of different types of radiations, corpuscular

' radiations lnoluded, depends on many factors, Ionization

den51ty and linear energy losses. during the passage of
radiations -through matter play great role in this respect.
It is"known that the increase of specific ionization from -

.,T’3 to 100 ion: pairs per 1 micron of the path affects little

RBE which remains approximately equal to’ unity, The increase
of ionization denslby from 100 to 1000 ion pairs per 1

' miorpn gives the RBE increase. pr0portlonally to the -specific

ionization logarlbhm (3) It should be empbasized that st
the estimate of RBE, ‘alongside physieal peculiarities of

_the action of radiations, one should also také into account
" bioclogical peculiarities, the level of organization and the

functional state of a cell, organ, system or an 1ntegral
organism, as well as the character of tests by mecans of
which the relative effectiveness of different types of

‘radiations is determined.
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Protons are known to be the most widely spread kind of
penetrating radlation in outer spacc. They canstitute 85 per
cent of primary cosmic radlation (galactic rays), they are '
gencrated in large quantities dhring solar flares, and are .
the part of radiation of -inner and-outer radiation belts,

At present only first steps are taken in the determina-:
tion of RBE of protoms. According to data by E.B. Kurlandskaya ..
et al, (4) and G.A. Avrunina (5), biological effectiveness |
J of protons turned to be not higher, and for some indices_' '

(mortality raﬁe, variation of morphological compositich_of
peripheric’ blood) even lower than biological effectiveness

of X-rays. For instance, RBE for LD50 15 0.55 for mice and o
0.65 for rats, respectivély.. A.V. Lebedlnsky, Yu.G, Nefedov, '
N.I. Ryzhov et al, (6) have found that the REE coefficient
of protons with the energy 510 Mev is 0.8 for rats ard

1.2 for dogs. :

Acoordlng to R.W. Zellmer and R.G. Allen (7), the RBD
coefficient for protons with the energy 730 Mev, as compared
to gauma rays, amounts to approximately 2. This conclusion
is made by them on the basis of experiments with .monkeys.
in which RBE was estimated from time of appearance, the
graveness of the proceéss of development of iridocyclite,’ A
erythemas and other injuries of signt's organs. Acoording
to P. Bonet-Maury, A. Deysine et al. (8), RBE for protons '
with the enérgy of 157 ‘Mev for LD5O ‘for rats amounbs to ,
0.77 + O. l, as compared to X-rays., '

SRS J |

i In this - Teport we present results of: expurlments for
{ studies of RBE of protons with the energy 660 and 120 Mev
% whose specific ionization is. 6 and 20 ion pairs per micron,

respectively (G.F. Murin, V.S. Morozov et al.). The expofi-
ments were conducted on various bioclogical objects with the_
use of different methods of investigation. The objects were '
irradisted in a pulséd proton beam of the synchrocyclotroh
of the Joint Instituce for Nuclear Research at Dubna with
the current density of 108 - lO9 particles per square cm
per sec. The number of pulses was about 100 per 1 sec. with
the duration of 200-400 mse¢ each. In our experiments the
dose rate determined from induced activity in carboén plates
was 400-700 rad/min for E=660 Mev and 80-120 rad/min at
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E=120 Mev. The RBE of protons, as compared lo gamma rays,
was esbtimated by means of different tests characterizing
life functions and heredity of a cell, of an organism,

The experiments conducted have shown that RBE for
protons with energies 660 and 120 Mev for LDSO for mice
and rats was aboubt 0.7. Clinical examination of animals
have also shown somewhat lower effectiveness of prd%ons

I as compared to gamma rays (V.S. Shashkov, B.L., Razgovorov,
Ny V.V. Antipov et al.). The same results were cbtained during
comparative evaluabtion of chromosome bresks in the cells
of the mice marrow (M.A. Arsenyeva, L.A. Belyayeva et zl.,),
in sprouts of seceds of higher plants-~wheat, pea, barley and
others (V.V. Khvosbova et al., L.K. Gordon), at the deter-
nination ¢f recessive sei-coupled.and dominant lethal mubta-
tions of Drosophila melanogaster (Ya. L. Glembotsky,
G.P., Parfyonov et al.).

It should be emphasized 5Shat at the estimate of RBE of
high-energy protons obbtained at different acceleration
devices it is necessary to take into account the impulse

: character of irradiation and large dose rates. These factors

| affect the results of the biologicel action of radistion,
and, therefore, they should be taken intc account at tenbta-
tive determination of REE of protons of primary cosmic radia-

. tion, the inner radiation belt and solar flares,

, For a more complete estimate of the protons' REBE, of

_great interest are the results of experiments aimed at
investigaetion of radioprotective properties of various
pharmaco-chemical agents used under conditions of irradia-
tion by protoms. It is quite evident that such investigations
are also necessary for the solution of the principie queg-
tion-on the possibility of the use of pharmaco-chemical
protectors at the action of corpuscular radiations,

By the present time an extensive experimental material
has been acquired which shows the effectiveness of a number
of pharmaco~chenical preparations used as protective agents

A under conditions of the effect of X-rays and gemma rays.,

Ny
-
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Thus analyzing data in literature and results of the
authors' own investigations we first of all come to the
conclusion that RBE of protons with the energy from 660
to 120 Mev determined in experiments on mice and rats,
fruit flies, seeds and other biological objects does not
exceed 1. These facts quite satisfactorily confirm the
supposition expressed by us that for the above mentioned
values of specific ionization (6-20 ion pairs per micron
of tissue) RBE should nobt exceed 1.RBE exceeding 1 was
detected for protons of 510 Mev in experiments on dogs
(6) and for protons of 730 Mev in experiments on monkeys
(7)., BEvidently fhis difference to some exbent is due to
the type of an snimal and depends on Uhe tests by which

e

-
i

RBE was esbimabted.

The results obtained give-grounds to believe that tGhere
is the perspective ol using soue preparations as protective
devices for space pilots and the entire biocomplex against
harmful effect of high-energy protons.

0f great theoretical and practical interest for space

i biology and medicine will be extensive investigabtions of

| RBE of probtons with the energy of 100 Mev as well as the tesb
| ' of the effectiveness of pharmaco-chemical antiradiation
agents under these conditions.
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